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North America is home to the majority of the world’s crayfish diversity, but many of 
these crayfishes are considered invasive, and an even greater number are highly imperiled and at 
risk for extinction. In addition, new GIS data layers developed specifically for freshwater have 
recently been developed in order to better characterize freshwater habitat in modeling 
applications. My research applies these new freshwater GIS data layers to species distribution 
modeling (SDM) with implications for management of both imperiled and invasive freshwater 
crayfishes. In Chapter 2, I developed SDMs to anticipate the potential future range extent of the 
emerging invasive crayfish Procambarus clarkii in the Laurentian Great Lakes. I created an 
SDM of all suitable crayfish habitat across the Great Lakes, then constrained this habitat to areas 
anticipated to be suitable for P. clarkii based on known physiological limitations of this species. 
These predictions of where P. clarkii is likely to establish populations can be used to identify 
areas where education, outreach, compliance, and law enforcement efforts should seek to prevent 
new introductions of this crayfish and help prioritize locations for surveillance aimed at detecting 
newly established populations. In Chapter 3, I developed SDMs using global freshwater GIS 
layers and historical occurrence records to characterize the distributions and habitat associations 
for Pacifastacus connectens and Pacifastacus gambelii, two data-deficient crayfish species 
native to the western United States. I then compared these SDM predictions to results of 
contemporary field sampling and found that these crayfishes have seemingly experienced 
substantial range declines, attributable to apparent displacement by invasive crayfishes and 
impairment or change to stream communities and habitat. I recommend increased conservation 
and management attention to P. connectens and P. gambelii in response to these findings. 
Together, these two studies will be among the first to apply new freshwater-specific habitat data 
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to modeling the distributions of imperiled and invasive species and may be useful in providing 
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CHAPTER 1: GENERAL INTRODUCTION 
 
 The increasing trend of environmental degradation with human population growth and 
industrialization has resulted in increased need for conservation of freshwater species. Although 
freshwater systems cover a small proportion of Earth’s land area, they provide habitat for nearly 
10% of all species (Strayer and Dudgeon, 2010). Consequently, rivers, lakes, and streams 
account for a disproportionate amount of the world’s biodiversity. However, activities such as 
habitat destruction, overharvesting, pollution, disease, and spread of invasive species also lead to 
a disproportionate amount of degradation to freshwater systems and impacts to the species they 
contain (Wilcove et al., 1998). Of these freshwater species, crayfish are some of the most 
understudied yet most ecologically important (Momot, 1995; Moore et al., 2013). North America 
alone is home to about 414 crayfish species, which is approximately 70% of the world’s total 
species richness for this taxonomic group (Richman et al. 2015). Crayfish play an important role 
in aquatic ecosystems. They are omnivorous and consume detritus and plant and animal matter 
while serving as a food source for other animals, bridging between aquatic and terrestrial 
ecosystems and making them vital components of food webs where they are present (Rabeni, 
1992; Wolff et al., 2015). Crayfish also manipulate habitat through consumption of macrophytes 
and movement of substrate as a result of their burrowing behaviors (Creed, 1994; Johnson et al., 
2010). All of these ecological functions provided by crayfish make them critical components of 
their ecosystems.  
Both globally and in the United States (U.S.), crayfish are among the most imperiled 
species due to threats such as habitat loss and degradation, as well as the introduction of invasive 
crayfish species (Lodge et al., 2000; Richman et al., 2015; Wilcove et al., 1998). Invasive 
crayfish have various negative effects on ecosystems including reduced abundance of aquatic 
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macrophytes, invertebrates, and fish, which can drastically alter food webs and lead to long-term 
and potentially irreversible effects on communities and ecosystems (Twardochleb et al. 2013). 
Further, invasive crayfish also affect native crayfish through competitive interactions, disease 
transmission, and hybridization (Cioni and Gherardi, 2004; Edgerton et al., 2004; Perry et al., 
2001). Collectively, the high rates of imperilment of freshwater crayfishes, as well as impacts of 
those crayfish that become invasive, necessitate tools for the management of these organisms. 
A need exists to characterize habitat associations for both invasive and imperiled 
crayfishes. In the case of invasive crayfishes, habitat or distributional modeling can guide 
prevention and management efforts to reduce the risk of invasions and mitigate their impacts 
(Lodge et al., 2016). For imperiled crayfishes, these same methods may identify critical areas of 
the landscape to conserve or manage for species persistence (Engler et al., 2004; Guisan and 
Thuiller, 2005). Species distribution models (SDMs; also called ecological niche models) have 
emerged over the past several decades as a tool to characterize potential habitat for both native 
and invasive species at moderate to large spatial scales (Guisan and Zimmermann, 2000; 
Peterson, 2003). Species distribution models are a class of models which often combine 
machine-learning algorithms like MaxEnt (Elith et al., 2011) or classification and regression 
trees (Elith et al., 2008) with habitat and environmental data available in Geographic Information 
Systems (GIS). These models characterize habitat associations and distributions for a species, 
often from presence-only records available from non-systematic surveys such as museum 
records. This combination of data sources and modeling approaches has revolutionized 
conservation biology, including applications to programs like the U.S.G.S. GAP Analysis 
Program (Peterson and Kluza, 2003; Sowa et al., 2007). 
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Unfortunately, most of the GIS habitat layers available for species distribution modeling 
historically have been based on terrestrial climate or environmental data, limiting their 
applications to freshwater SDMs. As a result, most previous freshwater SDM studies have used 
terrestrial habitat proxies due to a lack of freshwater-specific datasets at appropriate spatial 
scales and resolutions (Kumar et al., 2009; Larson and Olden, 2012; Sauer et al., 2011). 
However, several new datasets have recently become available that provide global and regional 
freshwater-specific environmental data at both large spatial scales and fine grains (Domisch et 
al., 2015; Wang et al., 2015). For example, Wang et al. (2015) developed and published GIS 
layers at 30 m near-shore and 1 km off-shore resolutions for abiotic and biotic data of the 
Laurentian Great Lakes, consisting of features like bathymetry, temperature, and wave data. At a 
larger spatial extent, Domisch et al. (2015) have published near-global 1 km2 resolution GIS data 
for lakes and streams that include elevation, monthly precipitation, and flow. Compared to 
terrestrial proxies, these freshwater habitat layers may more accurately represent the conditions 
experienced by freshwater species, possibly leading to improved predictions of suitable habitat or 
ranges for both imperiled and invasive freshwater species such as crayfishes. 
In this study, I applied these new freshwater GIS layers to SDMs to characterize the 
distributions and habitat associations of both invasive and imperiled crayfishes. In the second 
chapter of this thesis, I developed an SDM to anticipate where Procambarus clarkii, an emerging 
invasive crayfish, would be likely to establish in the Laurentian Great Lakes. In the third chapter 
of this thesis, I developed SDMs using these new freshwater GIS layers to characterize the 
distributions and habitat associations of two data-deficient crayfishes native to the western 
United States, Pacifastacus connectens and P. gambelii. These freshwater GIS layers, used in 
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conjunction with SDM techniques, may help to predict areas of concern for both imperiled and 
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CHAPTER 2: PREDICTING THE POTENTIAL DISTRIBUTION OF THE 
NONNATIVE RED SWAMP CRAYFISH PROCAMBARUS CLARKII IN THE 
LAURENTIAN GREAT LAKES 
 
INTRODUCTION 
The Laurentian Great Lakes are a major freshwater resource in North America, but one that 
has been invaded by at least 182 nonnative species since 1840 through pathways including 
transport by ballast water and deliberate release for cultivation and stocking (Ricciardi, 2006). 
Freshwater invasive species in the Great Lakes are responsible for economic costs totaling over 
$138 million per year, as well as losses of ecosystem services and biodiversity (Holeck et al., 
2004; Pimentel et al., 2005; Rothlisberger et al., 2012). Accordingly, scientists and managers 
have sought tools to prevent, contain, and eradicate invasions in the Great Lakes. For example, 
predictive models are being developed to inform where invasive populations are likely to 
establish and spread, and species distribution models (SDMs) are increasingly being used to 
prioritize locations for surveillance of new biological invasions in this large freshwater 
ecosystem (Kulhanek et al., 2011; Lodge et al., 2016; Wittmann et al., 2017). 
Crayfish are one group of invaders that are of increasing surveillance interest in the Great 
Lakes (Lake Superior Binational Program, 2014; Michigan Department of Environmental 
Quality, 2013). There are currently 13 crayfish species present in the Great Lakes, five of which 
are considered either invasive or native species expanding their ranges (Peters et al., 2014). 
Among these invaders, concern about spread of Red Swamp Crayfish Procambarus clarkii into 
and within the Great Lakes has intensified in recent years due to detection of newly established 
populations in inland tributaries and watersheds in Illinois, Ohio, Michigan, and Wisconsin, and 
illegal importation and apparent use of P. clarkii as live bait (Bunk and Van Egeren, 2016; 
Ellison, 2015; Jacobs and Keller, 2017). Native to the south-central United States and northern 
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Mexico, P. clarkii was first found in the Sandusky Bay area of Lake Erie in 1967 (McLaughlin et 
al., 2005; Peters et al., 2014). Recent surveys indicate that this population has slowly spread 
along the southern shore of Lake Erie adjacent to Sandusky Bay over the last 50 years (Thoma, 
2017). A similar pattern was observed for another Great Lakes crayfish invader, the Rusty 
Crayfish Faxonius rusticus (formerly Orconectes rusticus; see Crandall and De Grave, 2017), 
which had a relatively long time lag (~100 years) before spreading from its isolated, initial 
population in western Lake Erie to eventually occur in all five of the Great Lakes (Peters et al., 
2014). As such, although P. clarkii has long occurred in Lake Erie, more of the Great Lakes may 
still be vulnerable to this crayfish invader in the future. 
In aquatic ecosystems where invasive P. clarkii has been introduced, even relatively low 
densities of this crayfish have had drastic effects (Twardochleb et al., 2013). For example, 
through consumption, P. clarkii reduces the biomass and species richness of macrophytes, which 
can lead to stable state shifts from clear water to turbid water conditions in lakes and wetlands 
(Matsuzaki et al., 2009; Rodríguez et al., 2003). Introduction of P. clarkii can reduce biodiversity 
through predation, which can reduce the abundance of aquatic macroinvertebrates like snails 
(Gherardi and Acquistapace, 2007). Further, P. clarkii can displace native crayfishes through 
mechanisms such as competition (Twardochleb et al., 2013; Paglianti and Gherardi, 2004). 
Given the existence of multiple established populations in the basin, managers would benefit 
from knowing which locations in the Great Lakes are capable of supporting P. clarkii 
populations to prevent introduction of new populations (Vander Zanden et al., 2010). More 
information regarding habitat suitable for P. clarkii would also help support monitoring for 
spread of already established populations, including those in inland waters (Lodge et al., 2016). 
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For invaders which are not yet at equilibrium with environments in their introduced 
ranges, such as P. clarkii in the Great Lakes, the challenge of extrapolating SDM predictions to 
future suitable habitats can be difficult (Jiménez-Valverde et al., 2011; Welk, 2004). SDMs 
assume that the organisms being modeled are at equilibrium with their environment, an 
assumption which is violated when predicting potential ranges for new biological invasions or 
the future spread of an invasive species early in its invasion process. Accordingly, SDMs for 
invasive species early in their establishment or spread stages often do not project well to future, 
full range extents for these organisms (Václavík and Meentemeyer, 2012). Such extrapolation 
and SDM prediction problems have been demonstrated for P. clarkii globally, where models 
trained on only the native range of this invasive crayfish substantially underestimate the non-
native range where it has established to date (Larson and Olden, 2012). As a Great Lakes 
example, SDMs generated for F. rusticus using only its earliest occurrence records (pre-1955) 
failed to anticipate the current extent of this ecosystem invaded by this major invasive crayfish 
(Appendix A). Further, the Great Lakes is an exceptionally large freshwater ecosystem unlike 
other habitats occupied at present by P. clarkii. The novelty of P. clarkii’s invasion in this 
ecosystem coupled with this species’ notorious plasticity, demonstrated by its ability to invade 
across a large latitudinal range (e. g., Larson and Olden, 2012), makes it potentially difficult to 
model in the Great Lakes using conventional SDM tools. 
We sought to identify areas of the Great Lakes vulnerable to spread or invasion of new 
populations of P. clarkii. Given the potential limitations of SDMs for a spreading invader in this 
highly novel environment, we first sought to identify all habitats suitable for any crayfishes using 
newly available Geographic Information Systems (GIS) data layers specific to the Great Lakes 
(Wang et al., 2015). We then sought to further constrain this general habitat model to crayfish 
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habitat in the Great Lakes which might be suitable for P. clarkii based on the crayfish’s 
physiology. In previous studies, physiological data has been used to complement or improve on 
SDM model predictions by incorporating potentially range-limiting habitat factors to constrain 
the model (Feng and Papeş, 2017; Kearney and Porter, 2009; Kramer et al., 2017; Wittmann et 
al., 2017). Accordingly, we used occurrence records for all Great Lakes crayfish species post-
1990 from Peters et al. (2014) to model general crayfish habitat for this large freshwater 
ecosystem, then constrained that crayfish habitat to locations vulnerable to P. clarkii 
establishment based on laboratory physiological studies of temperature conditions necessary for 
successful reproduction of this species (Suko, 1958). This combined use of correlative SDMs 
and more mechanistic physiological data for P. clarkii may allow us to anticipate where this 
crayfish can live in the Great Lakes and guide management efforts to prevent its further 
introduction, establishment, and spread.  
 
METHODS 
Crayfish Occurrence Data 
For our SDMs, we used crayfish occurrence records in the Great Lakes collected and 
published by Peters et al. (2014). A total of 1456 crayfish occurrence records for 13 crayfish 
species were identified from the Great Lakes from museum records, government agencies, 
private or university contacts, and published literature collected between 1882 and 2008. The 
most common crayfish species in the Great Lakes are Faxonius virilis with 311 records, 
Faxonius propinquus with 303 records, and Faxonius rusticus with 240 records (Peters et al., 
2014). For our study, we used 458 crayfish occurrence records post-1990 (Figure 2.1) to 
represent the Great Lakes after substantial alteration due to invasion by the dreissenid mussels 
13 
 
Dreissena polymorpha and Dreissena bugensis (Madenjian et al., 2015). The Peters et al. (2014) 
data are primarily presence-only, but also include 102 crayfish absence records post-1990 from 
systematic benthic invertebrate surveys in the Great Lakes. We complemented these relatively 
few true absences by generating background (or pseudo-absence) points for the study region, 
which can be used to model species distributions under a number of current machine-learning 
methodologies (e.g. Elith and Leathwick, 2009; Engler et al., 2004; Stryszowska et al., 2016; 
Welk, 2004). We generated 1000 points at random in the Great Lakes to provide these 
background points or pseudo-absences, and trained and tested our models for presence data 
compared to both observed absences and the background data (Figure 2.1). Species distribution 
models can be sensitive to the number and geographic distribution of background points (Barbet-
Massin et al., 2012), but we found good predictive performance with this number of random 
background points in exploratory analyses of our dataset. 
  
Species Distribution Modeling 
 We used the Great Lakes Aquatic Habitat Framework (GLAHF) GIS data layers to 
determine suitable habitat for crayfish in the Great Lakes (Wang et al., 2015). These are the first 
comprehensive Great Lakes GIS data layers for applications like SDMs and describe freshwater 
habitat variables in relatively fine 30-m near-shore and 1.8-km off-shore resolutions. From these 
data layers, we chose 8 habitat variables based on their expected influence on crayfish presence 
for inclusion in our SDMs (Table 2.1). Chosen variables included habitat factors like ice 
duration, underlying geology or lake substrate, presence of aquatic macrophytes, and mean wave 
height. We anticipated ice duration may influence crayfish growth and survival (Momot, 1984); 
that hydrologic variables including mean wave height as areas of high wave exposure may affect 
14 
 
mortality (Abrahamsson and Goldman, 1970); and substrate type and presence of aquatic 
macrophytes may reduce fish predation on crayfish (Cruz and Rebelo, 2007; Garvey et al., 2003; 
Paglianti and Gherardi, 2004). We did not include water temperature variables because of their 
use later in our process specific to P. clarkii physiological constraints on establishment and 
reproduction (below). 
We first generated a general crayfish SDM for the Great Lakes based on the 458 crayfish 
species records post-1990 from Peters et al. (2014), the 102 crayfish absences from this dataset, 
and our 1000 background points. We classified all suitable crayfish habitat in the Great Lakes 
regardless of species, then constrained this habitat to areas anticipated to be suitable for P. clarkii 
based on its known physiology. To create this suitable crayfish habitat model, we used packages 
“dismo” and “gbm” to fit a boosted regression tree (BRT) model in R version 3.3.2 (Elith et al., 
2011; Hijmans et al., 2017; Ridgeway, 2015). Boosted regression trees relate response variables 
to predictor variables using binary recursive splits and offer improved predictive ability through 
boosting, which creates and averages many different models (Elith et al., 2008). Boosted 
regression trees characterize habitat associations and distributions for species, often from 
presence-only records available from non-systematic surveys such as museum records, with 
performance generally comparable to other machine-learning approaches to SDMs like MaxEnt 
or artificial neural networks (Elith et al., 2006).  
We regularized our boosted regression tree models following the suggestions of Elith et 
al. (2008) in choosing learning rate, tree complexity, and bag fraction settings. Learning rate 
determines the contribution of each regression tree as it is added to the model, where a lower 
learning rate increases the number of total trees in an ensemble model; tree complexity is the 
number of nodes or splits in individual trees and controls the complexity of the model; and bag 
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fraction specifies the proportion of data to be selected at random, without replacement, for each 
step. For our model regularization we started with the range of parameter values for learning 
rate, tree complexity, and bag fraction suggested by Elith et al. (2008) and narrowed down 
iteratively to determine the model regularization that provided the highest area under the curve 
(AUC) statistic for model performance by classification (Elith et al., 2008). AUC is the area 
under the curve of the receiver-operator characteristic plot, which is a measure of model 
classification performance for presence/absence data (Guisan and Zimmermann, 2000; Jiménez-
Valverde, 2012; Wenger and Olden, 2012). AUC generally ranges from a random value of 0.5, 
which indicates random discrimination between presence and absence in classifying categorical 
variables, to a perfect value of 1.0 which indicates all presences and absences are correctly 
classified at all model thresholds. We used AUC from testing data withheld from model training 
by ten-fold cross-validation. 
Following our regularization procedure, we ran our boosted regression tree model with a 
learning rate of 0.01, tree complexity of 3, and a bag fraction of 0.5. We projected model 
predictions from our boosted regression tree model chosen through regularization (above) to the 
full Great Lakes extent to characterize suitable habitat of crayfish in this freshwater ecosystem. 
We determined a threshold for habitat suitable for crayfish in the Great Lakes by using an 
optimal balance between sensitivity (true positive rate) and specificity (true negative rate) based 
on training data in model regularization (Elith and Leathwick, 2017). This threshold is the model 
output value which is best at discriminating crayfish presences from absences (true or 





Procambarus clarkii Physiology 
We next constrained or “clipped” the generic crayfish habitat model (above) for the Great 
Lakes to those locations anticipated to be suitable for P. clarkii establishment based on the 
known physiology of this species, similar to the process recently applied by Wittmann et al. 
(2017) for grass carp (Ctenopharyngodon idella) in the Great Lakes. We focused specifically on 
summer temperatures necessary for successful P. clarkii reproduction as a biological constraint 
on this crayfish at latitudes like the Great Lakes that was available in the literature, whereas other 
physiological responses like minimum winter temperatures (e.g., Westhoff and Rosenberger, 
2016) were anticipated to be less useful for this species. For example, a recent study has found 
that P. clarkii can overwinter (and even forage) at temperatures below 5℃ for nearly 100 days, 
and accordingly low temperatures may not limit the northern range extent for this species as 
adults (Veselý et al., 2015). Alternatively, Suko (1958) found a minimum threshold temperature 
of 15℃ triggered both copulation and oviposition for P. clarkii, with peak reproduction at 
optimal temperatures of 20-23℃ (Suko, 1958). Suko (1958) provides a multi-year analysis of P. 
clarkii reproduction under outdoor conditions in a temperate climate in Japan similar to the Great 
Lakes. As such, we identified from our literature review on P. clarkii summer temperatures 
warm enough to initiate reproduction as a likely limiting factor in its establishment.  
We used spatially-explicit mean August benthic temperature data for the years 2006-2013 
from the GLAHF habitat layers (Wang et al., 2015) to identify locations where annual 
reproduction of P. clarkii is likely to occur due to warm enough water temperature for copulation 
and egg laying. We made clips based on the minimum temperature for reproduction (≥15℃) and 
the optimal temperature for reproduction (≥20℃) for P. clarkii to predict where this crayfish is 




Our boosted regression tree model discriminated post-1990 crayfish occurrences in the 
Great Lakes from absences and background points with a high AUC value of 0.965 based on 
testing data withheld in ten-fold cross-validation. Our most important habitat variables from the 
model included both summer and spring mean wave height (relative importance of 20% and 8% 
respectively), ice duration (15%), suspended minerals (14%), light depth (12%), and the 
proportion of benthos as hard substrates (10%; Appendix B). Overall, 5% of the Great Lakes was 
classified as suitable crayfish habitat from our boosted regression tree model at the optimal 
threshold value of 0.485 (Figure 2.2).  
 Suitable crayfish habitat largely occurred in near-shore or littoral areas, with suitable off-
shore areas in some regions like Saginaw Bay (Lake Huron) and Grand Traverse Bay (Lake 
Michigan). Our physiological clip of the above suitable crayfish habitat model found 2% of the 
Great Lakes as suitable at minimum summer temperature to initiate reproduction for P. clarkii, 
but only 0.88% as suitable at the optimal temperature for peak reproduction in this species 
(Figure 2.3). Locations likely suitable for P. clarkii reproduction include near-shore and 
generally warmer areas of lakes Michigan, Huron, Erie, and Ontario, including bays like 
Sandusky (Lake Erie), Saginaw (Lake Huron), Green (Lake Michigan), and Henderson (Lake 




We developed an SDM constrained by species-specific physiological data to predict 
regions of suitable habitat in the Great Lakes for the invasive crayfish P. clarkii. We identified 
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habitats likely suitable for P. clarkii that should be prioritized for surveillance of establishment 
of new populations or spread of current populations of this invader in the Great Lakes. (Lodge et 
al., 2016). As such, we suggest that managers focus their efforts on the areas indicated in Figure 
2.3 in order to best prevent the introduction, establishment, and spread of P. clarkii in the Great 
Lakes. We found that all Great Lakes excluding Lake Superior were predicted to contain suitable 
habitat conditions for P. clarkii. The physiologically constrained model indicated that P. clarkii 
habitat would occur primarily in the near-shore and generally warmer areas of lakes Michigan, 
Huron, Erie, and Ontario.  
Our boosted regression tree model identified variables influencing habitat suitability for 
crayfishes in general in the Great Lakes (Appendix B). Generally, larger wave heights resulted in 
lower probabilities of crayfish occurrence, particularly for April and May, although this pattern 
was more idiosyncratic for July and August wave heights. Greater wave heights are associated 
with lower resource availability and greater crayfish mortality due to wave action and substrate 
movement in large lentic habitats like the Great Lakes (Abrahamsson and Goldman, 1970). Hard 
substrates had a unimodal relationship to crayfish presence: where there were lower percentages 
of hard substrate in a given area, crayfish were unlikely to occur, but at high percentages crayfish 
were similarly absent. In both cases, sheer bedrock and fine substrates such as mud or sand likely 
provides poor refuge from predators for crayfish (Cruz and Rebelo, 2007; Kershner and Lodge, 
1995). Additionally, crayfish were more likely to occur at locations where ice duration was both 
brief and long. This habitat variable may be acting in part as a surrogate for proximity to shore, 
as ice may last longer in some complex, sheltered near-shore locations. Our model also found 
that crayfish were more likely to occur in locations with greater light penetration. Additionally, 
crayfish were less likely to occur at locations with very low suspended minerals, but habitat 
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suitability for crayfish peaked around a concentration of about 1 mg/L. Light penetration and 
suspended minerals likely represent water quality or turbidity, which, in excess, can increase 
mortality in benthic invertebrates such as crayfish (Bilotta and Brazier, 2008). In addition, these 
two predictor variables may also be related to potential for benthic primary production, hence 
potential food resources for crayfish (Nyström et al., 2006). Finally, this general crayfish SDM is 
likely an overestimate of potential P. clarkii habitat, even when including its physiological 
constraints, because P. clarkii habitat requirements may be narrower than a model based on 
habitat suitable for all known crayfish species in the Great Lakes, which may be dominated by 
the specific habitat requirements of more common crayfishes like F. rusticus, F. propinquus, and 
F. virilis. These habitat preferences or requirements of Faxonius crayfishes in our dataset could 
differ from those for Procambarus crayfishes, which are more poorly known from the Great 
Lakes. Laboratory or mesocosm studies of habitat requirements or preferences specific to P. 
clarkii would likely improve our understanding of where this crayfish could establish in the 
Great Lakes. 
We narrowed the predictions of suitable habitat for P. clarkii in the Great Lakes by using 
this invasive crayfish’s physiological constraints, but we note that these predictions are based on 
current climate conditions. Climate change will likely increase the area in the Great Lakes 
suitable for invasion by this crayfish due to increased water temperatures (Capinha et al., 2013b; 
Collingsworth et al., 2017). An overall increase in water temperature in the Great Lakes would 
likely result in an increase in area where P. clarkii would be able to reproduce. As an additional 
potential limitation, our model omits any biological interactions with other organisms in the 
Great Lakes, including other invasive species like dreissenid mussels (Glon et al., 2017), 
predatory fish (Aquiloni et al., 2010), or other crayfishes (Paglianti and Gherardi, 2004). For 
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example, some crayfish species might competitively exclude P. clarkii from parts of the Great 
Lakes due to advantages in agonistic encounters such as crayfish size and chelae shape (Cioni 
and Gherardi, 2004). Alternatively, P. clarkii may actively displace some native or non-native 
crayfish that it is competitively dominant over (Blank and Figler, 1996).  
Based on our model results, we anticipate P. clarkii can establish in warm, shallow near-
shore waters and bays throughout much of the Great Lakes, excluding Lake Superior. In 
prioritizing which of these places to direct outreach, compliance, and law enforcement efforts to 
prevent new P. clarkii introductions and surveillance to detect newly established or spreading 
populations, we recommend a focus on larger cities adjacent to the Great Lakes because we 
anticipate human population density will correlate with risk of new introductions of this invader 
(Capinha et al., 2013a). Management efforts to prevent the further introduction, establishment, 
and spread of this invasive crayfish in the Great Lakes require a unified regional approach. As 
the Great Lakes is regulated by multiple political jurisdictions, special attention must be given to 
enacting and adoption of consistent regulations across states, provinces, and countries (Peters 
and Lodge, 2009). In high-risk areas where P. clarkii has yet to be introduced or spread, 
management should focus on prevention through educational outreach, regulation, surveillance, 
and compliance of animals in trade (Lodge et al., 2016). This may include complete prohibition 
of P. clarkii in trade in live organisms, including live bait, biological supply, and live seafood 
(Springborn et al., 2011). Where predictions of high P. clarkii habitat suitability (Figure 2.3) 
overlap with potential hotspots of introduction, or are adjacent to areas where secondary spread 
from inland waters to the Great Lakes may be a particular concern (Vander Zanden and Olden, 
2008), targeted crayfish surveillance programs would help to facilitate early detection and 
increase the potential that any new introductions could be contained and possibly eradicated. One 
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emerging technology for surveillance of invasive species is environmental DNA (eDNA), which 
could be used to detect new P. clarkii populations at low abundances even in the Great Lakes 
(Cai et al., 2017; Larson et al., 2017).  
A need exists to characterize where major invasive species like P. clarkii may establish 
populations or spread to guide education, outreach, and management responses. Unfortunately, 
most previous SDM applications for these purposes in freshwater ecosystems have used 
terrestrial climate or environmental data as habitat proxies, potentially limiting their accuracy or 
usefulness (Kumar et al., 2009; Larson and Olden, 2012; Sauer et al., 2011). Our study is among 
the first applications of the GLAHF GIS freshwater habitat layers to modeling for the 
management of invasive species (Kramer et al., 2017; Wang et al., 2015; Wittmann et al., 2017). 
Compared to terrestrial proxies, these freshwater habitat layers should more accurately represent 
the conditions experienced by freshwater species, leading to improved and higher resolution 
predictions of suitable habitat or ranges for species such as crayfishes. As more freshwater-
specific GIS layers become available (e.g., Domisch et al., 2015; Hill et al., 2017; Isaak et al., 
2015), we anticipate that SDM predictions for the management of invasive freshwater species 
will improve. Using these habitat layers with physiological data to determine where invasive 
species are likely to establish should help to guide prevention, surveillance, response, and control 
efforts of invasive species in the Great Lakes. 
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TABLE AND FIGURES 
 
Table 2.1. Habitat variables from the Great Lakes Aquatic Habitat Framework (Wang et al., 
2015) chosen to model crayfish habitat suitability in the Great Lakes with a boosted regression 
tree model (Elith et al., 2008), and hypothesized biological relevance to crayfish survival. 
 
Variable Description Prediction 
Chlorophyll-a Annual mean Chlorophyll-a from 2008 
and 2010 (ug/L) 
Affects water visibility and 
benthic production, 
reflecting food resources 
available to crayfish  
Ice Duration Number of days when cell is 10% or 
more covered in ice 
May influence crayfish 
growth rates and overall 
survival 
Light Penetration Light penetration (1/m) Affects benthic production, 





Mean wave height (m) for each cell for 
the months of April and May 
Influences food availability 
and crayfish mortality due 




Mean wave height (m) for each cell for 
the months of July and August 
Influences food availability 
and crayfish mortality due 




Percent of submerged aquatic vegetation 
in each cell converted into classes. 
Classes include: <25%SAV = 
uncolonized substrate, >25% to 75% = 
light SAV, >75%SAV = dense SAV 
Affects crayfish survival by 
providing shelter in 
response to predatory fish 
Substrate Area (%) of primary substrate types in 
cell. Classes include: hard, clay, mud, 
sand, silt, unknown 
Affects crayfish survival by 
providing shelter in 
response to predatory fish 
Suspended 
Minerals 
Suspended minerals (mg/L) 2008 and 
2010 annual mean 
May indicate water quality 
and light penetration  
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Fig. 2.1. Crayfish presence (N=458) and absence (N=102) records post-1990 from Peters et al. 
(2014) in the Great Lakes used in species distribution modeling to identify suitable crayfish 
habitat, as well as 1000 randomly generated background or pseudo-absence points. Procambarus 
clarkii records from Peters et al. (2014) are also shown, indicating current population localized in 
the western basin of Lake Erie. 
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Fig. 2.2. Suitable crayfish habitat in the Great Lakes predicted from a boosted regression tree 
model using crayfish occurrence records post-1990 (Peters et al. 2014) and the Great Lakes 
Aquatic Habitat Framework habitat layers (Wang et al., 2015). A suitable habitat threshold value 
of 0.485 was calculated as the balance between true positive and true negative rate for crayfish 
occurrences, absences, and background points. 
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Fig. 2.3. General crayfish habitat model (Figure 2.2) clipped (where gray is unsuitable) to 
minimum (a) and optimal (b) temperatures for Procambarus clarkii reproduction (Suko, 1958) 
using mean August benthic temperature data for the years 2006-2013 from the Great Lakes 
Aquatic Habitat Framework (Suko, 1958; Wang et al., 2015). Lake Superior is omitted because 
no temperatures were warm enough in this lake for P. clarkii reproduction. 
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Fig. 2.4. Optimal temperature clip (Suko, 1958; Figure 2.3b) for Procambarus clarkii 
reproduction for areas of particular attention including Saginaw Bay (a), western Lake Erie (b), 
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CHAPTER 3: DISTRIBUTION, HABITAT ASSOCIATIONS, AND CONSERVATION 
STATUS UPDATES FOR THE PILOSE CRAYFISH PACIFASTACUS GAMBELII AND 
SNAKE RIVER PILOSE CRAYFISH PACIFASTACUS CONNECTENS OF THE 
WESTERN UNITED STATES 
 
INTRODUCTION 
North America is home to the majority of the world’s crayfish diversity, with 414 
described species (Crandall and Buhay, 2008; Richman et al., 2015). However, many of these 
North American crayfishes are highly imperiled and at risk of extinction. Taylor et al. (2007) 
estimated that 48% of North American crayfishes were at some level of extinction risk, whereas 
a more recent International Union for the Conservation of Nature (IUCN) assessment placed 
32% of North American crayfishes at risk of extinction (Richman et al., 2015). The western 
United States (U.S.) is more species poor for freshwater crayfishes than the southeastern U.S., 
but its endemic genus Pacifastacus is representative of the conservation and management 
challenge for crayfishes globally. Of the Pacifastacus crayfishes, one is a globally cosmopolitan 
invasive species (the Signal Crayfish Pacifastacus leniusculus), one species is believed extinct 
(the Sooty Crayfish Pacifastacus nigrescens), another is listed as Endangered under the U.S. 
Endangered Species Act (the Shasta Crayfish Pacifastacus fortis), and two other species, the 
Snake River Pilose Crayfish Pacifastacus connectens and the Pilose Crayfish Pacifastacus 
gambelii, are effectively unstudied (Larson and Williams, 2015). Currently, P. connectens is 
listed in the IUCN Red List database as Data Deficient and P. gambelii is listed as Least Concern 
(Richman et al., 2015), but no distributional or conservation status studies have been conducted 
for either species (Larson and Olden, 2011; Larson and Williams, 2015). Given that two species 
of their genus have gone extinct or been listed as Endangered, we sought to evaluate the 
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distribution, habitat associations, and conservation status of the pilose crayfishes P. connectens 
and P. gambelii. 
Pacifastacus connectens and P. gambelii belong to the subgenus Hobbsastacus, which 
includes the extinct P. nigrescens and P. fortis, relative to the subgenus Pacifastacus, which 
includes only the Signal Crayfish and its three recognized subspecies (Larson and Williams, 
2015). Pacifastacus connectens was split from P. gambelii, first as a subspecies by Faxon (1914) 
and subsequently as its own species by Hobbs (1972). Both crayfishes are morphologically 
unique relative to other members of their genus owing to the presence of patches of setae or hairs 
on the dorsal surface of their chelae, whereas P. connectens is differentiated from P. gambelii by 
characteristics including an acute (narrow) rather than obtuse (broad) rostrum (Figure 3.1). 
Recent phylogenetic species delimitation analysis has identified some ambiguity within the 
Hobbsastacus subgenus (Larson et al., 2016); as work on their taxonomic relationships 
continues, we largely consider both species here combined as the “pilose crayfishes” given their 
shared taxonomic history and morphological similarity. To date, no studies have investigated the 
life history or ecology of either pilose crayfish species, although Koslucher and Minshall (1973) 
included P. gambelii in a study on stream food webs from southern Idaho. Further, historical 
records for the pilose crayfishes appear to indicate a habitat preference at some locations for 
groundwater-dominated springs with small upstream catchments (Miller, 1960; Hubert, 2010). 
Data regarding the distributions of P. connectens and P. gambelii are also limited. Larson 
and Olden (2011) proposed the pilose crayfishes as endemic to the middle and upper Snake 
River drainage and adjacent closed or endorheic desert basins (e.g., the Bonneville Basin) of 
Idaho, Nevada, Oregon, Utah, and Wyoming (Figure 3.2). Past guides or keys to North American 
crayfishes (e.g. Hobbs, 1972) likely over-stated the distribution of these two crayfishes, 
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particularly P. gambelii, per the review of Larson and Williams (2015), although more 
widespread distributional surveys for these crayfishes throughout western North America would 
be useful. Within the range proposed by Larson and Olden (2011) and Larson and Williams 
(2015) for each crayfish, P. connectens generally occurs below Shoshone Falls, a major 
biogeographic break in the Snake River drainage, and in the neighboring Harney Basin of eastern 
Oregon. Alternatively, P. gambelii occurs above Shoshone Falls in the Snake River and its 
tributaries, and in the northern Bonneville Basin, although exceptions in this distributional 
pattern between the two species have been reported from historical records (Figure 3.2). These 
erratic distributional records for each species may reflect either misidentifications in historical 
records or a more complex distributional pattern for each species than proposed by past work 
like Larson and Williams (2015), and further supports our decision to consider the two species 
combined here rather than separately. 
Like many freshwater crayfishes, P. connectens and P. gambelii could be impacted by a 
number of threats and stressors within their native range (Bland et al., 2016; Richman et al., 
2015). These include risk of displacement by invasive crayfishes, including Faxonius virilis and 
Procambarus clarkii, which have been reported as introduced in the native range of the pilose 
crayfishes (Clark and Lester, 2005; Hubert, 1988; Johnson, 1986). Further, the congeneric 
crayfish P. leniusculus was not known from the native range of P. connectens or P. gambelii 
during the earliest historical records for these species (e.g. Miller, 1960), but could represent a 
“native invader” (e.g. Carey et al., 2012) as it has seemingly spread inland into this region over 
recent decades from its more coastal native range (Larson et al., 2012). Competitive 
displacement by P. leniusculus was implicated in both the extinction of P. nigrescens and 
Endangered Species Act listing of P. fortis, and P. leniusculus could pose a similar threat to the 
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Hobbsastacus pilose crayfishes (Bouchard, 1977; Light et al., 1995). Additionally, freshwaters of 
the native range of the pilose crayfishes have experienced impacts due to livestock overgrazing, 
flow regime modification by dams and irrigation development, and water quality impairments 
from agricultural and urban runoff (Anderson and Woosley, 2005; Belsky et al., 1999; Caldwell 
et al., 2012). In particular, the Snake River Plain has been identified as a region of hydrologic 
impairment and poor water quality resulting from agricultural land use (Hill et al., 2016; 
Thornbrugh et al., 2017). 
We sought to model the historical distribution and habitat associations of P. connectens 
and P. gambelii combined in the western U.S. and compare these predictions to their current 
distribution from field sampling. We first developed a species distribution model (SDM) using 
historical occurrence data for P. connectens and P. gambelii to predict the distributions and 
habitat associations for these crayfishes using GIS environmental data layers (Domisch et al., 
2015). We then conducted field sampling in the presumed native range of these crayfishes to 
characterize their current distributions in comparison to both their historical occurrence records 
and predictions of suitable habitat by our SDM. Finally, where our SDM model predictions 
diverged from results of our field sampling, we used a single classification tree on factors like 
the presence of invasive crayfishes and GIS layers on possible stream habitat impairment to 
explore and explain these misclassifications. Cumulatively, our work should help to better define 
the historical distribution and habitat associations for the pilose crayfishes P. connectens and P. 





 We evaluated the historical and current distributions and habitat associations of the pilose 
crayfishes P. connectens and P. gambelii using an SDM on GIS environmental data layers, along 
with contemporary field sampling (Figure 3.3). We first used historical occurrence records for 
the pilose crayfishes to generate an SDM describing their past distribution and habitat 
associations. Upon developing this SDM, we sampled study sites predicted by our model to be 
suitable and unsuitable for the pilose crayfishes throughout their native range to characterize 
their current distribution. In relating contemporary presences or absences of P. connectens and P. 
gambelii to modeled predictions of habitat suitability, we anticipated that the SDM would 
misclassify some sampled sites. For example, false positives are places where the SDM predicted 
pilose crayfish to occur but we failed to find them in our field sampling. We then sought to 
explain such true and false positives using a subsequent, single classification tree using 
information like presence of invasive crayfishes at sampled sites and habitat conditions or 
impairment (Figure 3.3). 
 
Species Distribution Modeling 
We characterized the historical distribution and habitat associations for the pilose 
crayfishes P. connectens and P. gambelii using an SDM. We chose to combine the two pilose 
crayfishes in our SDM as opposed to modeling them individually due to some ambiguity in the 
taxonomy and geographic distributions of these two crayfishes, as well as to increase the number 
of historical occurrence records included in our SDM from only those for these crayfishes 
individually (25 for P. connectens; 38 for P. gambelii) to a greater number for both pilose 
crayfishes combined (63 total). Further, given the morphological and presumed ecological 
similarity between the two pilose crayfishes, we anticipated that a single SDM combining both 
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species might work well, but tested performance of combined vs. separate SDMs in a series of 
alternative models reported in Appendix C.  
For our SDMs, we used a total of 63 historical occurrence records for P. connectens and 
P. gambelii identified from museum collections, government agency reports, personal 
communications with agency biologists, and published scientific literature, providing the best 
available characterization of the native ranges for these species (Figure 3.2; Appendix D). We 
also generated background (or pseudo-absence) points for the study region, which can be used to 
model species distributions under a number of current machine-learning methodologies when 
lacking true absence records (e.g. Elith and Leathwick, 2009; Engler et al., 2004; Stryszowska et 
al., 2016; Welk, 2004). For the model reported in the main text, we used 1000 background points 
generated at random within the environmental GIS layers we used constrained to the native range 
of these two species (see below). SDMs can be sensitive to the number and geographic 
distribution of background points (Barbet-Massin et al., 2012; Engler et al., 2004; Mainali et al., 
2015), but we found good predictive performance with this number of random background points 
after testing sensitivity of model results to this important decision (Appendix C). In addition, 
SDMs using different combinations of background points and the two pilose crayfish species 
modeled separately, rather than combined, generally did not perform as well as our primary 
model, with significantly fewer true negatives and more false positives occurring for these 
models (Appendix E), further supporting our decisions regarding number of background points 
and modeling the pilose crayfishes combined.  
We modeled suitable habitat for the pilose crayfishes using environmental data from the 
EarthEnv GIS data layers, which provide near-global freshwater-specific environmental 
variables in a relatively fine 1-km2 resolution (Domisch et al., 2015). From these data layers, we 
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chose environmental variables anticipated to be appropriate for historical occurrence data for P. 
connectens and P. gambelii (1914-2014). We chose not to include contemporary land cover data 
for our SDM because this variable has likely changed over recent decades, and consequently 
may not be appropriate for modeling distributions of historical occurrence records which date 
back to the early 20th century when land cover may have differed. We used as temperature 
variables annual mean upstream temperature (oC), upstream temperature seasonality (standard 
deviation of monthly average temperature in oC), maximum upstream temperature of warmest 
month (oC), and minimum upstream temperature of coldest month (oC). We used as precipitation 
variables annual upstream precipitation (mm) and upstream precipitation seasonality (coefficient 
of variation of monthly average precipitation in mm). We chose to include average slope (o * 
100), which is averaged for each 1 km grid cell. We also included flow accumulation (count), 
which is the watershed area, calculated as the sum of upstream grid cells for the entire catchment 
delineated for each grid cell, and flow length (count), which is the length of the stream network, 
calculated as the sum of upstream grid cells for only the stream network within the catchment. 
For soil variables, we chose soil pH (pH * 10), amount of coarse fragments (% of soil above a 
2mm threshold), cation exchange capacity (cmol/kg), and depth to bedrock (cm). We anticipated 
that like many other crayfish species, the pilose crayfishes might have substrate preferences, 
particularly for coarser rock or substrate (Capelli and Magnuson, 1983; Garvey et al., 2003), and 
also anticipated that these crayfishes might be sensitive to the acidity or pH of water (Distefano 
et al., 1991; Edwards et al., 2014). 
We modeled suitable habitat for the pilose crayfishes P. connectens and P. gambelii 
using their historical occurrence records and background points with the above environmental 
predictors using boosted regression trees (Elith and Leathwick, 2017). Boosted regression trees 
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relate response variables to predictor variables using binary recursive splits and offer improved 
predictive ability through boosting, which creates and averages many different models (Elith et 
al., 2008). Boosted regression trees characterize habitat associations and distributions for species, 
often from presence-only records such as those available for P. connectens and P. gambelii, and 
generally perform comparably to other machine-learning approaches to SDMs like MaxEnt or 
artificial neural networks (Elith et al., 2006).  
We fit boosted regression tree models using the packages “dismo” and “gbm” in R 
version 3.3.2 (Hijmans et al., 2017; Ridgeway, 2015). We regularized our boosted regression tree 
models following the suggestions of Elith et al. (2008) in choosing learning rate, tree complexity, 
and bag fraction settings. Learning rate determines the contribution of each regression tree as it is 
added to the model, where a lower learning rate increases the number of total trees in an 
ensemble model; tree complexity is the number of nodes or splits in individual trees and controls 
the complexity of the model; and bag fraction specifies the proportion of training data to be 
selected at random, without replacement, for each step. For our model regularization, we started 
with the range of values suggested by Elith et al. (2008) and narrowed down iteratively to 
determine the model regularization that provided the highest area under the curve (AUC) statistic 
for model performance by classification. AUC is the area under the curve of the receiver-
operator characteristic plot, which is a measure of model classification performance for 
presence/absence data (Guisan and Zimmermann, 2000; Jiménez-Valverde, 2012; Wenger and 
Olden, 2012). AUC generally ranges from a value of 0.5, which indicates random discrimination 
between presence and absence in classifying categorical variables, to a value of 1.0 which 
indicates all presences and absences are correctly classified at all model thresholds. 
45 
 
For our SDM presented in the main text (1000 background points, with the two species 
combined), we ran our boosted regression tree model with a learning rate of 0.001, tree 
complexity of 3, and a bag fraction of 0.5. This model had a higher AUC than models for each 
crayfish individually, or for different numbers of background points. We then projected model 
predictions of our best model to the full range extent of the pilose crayfishes to characterize their 
distributions based on historical occurrence records. We determined a threshold for habitat 
suitable vs. unsuitable for these crayfishes by using an optimal balance between sensitivity (true 
positive rate) and specificity (true negative rate) based on training data in model regularization 
(Elith and Leathwick, 2017). We also generated partial dependence plots for the environmental 
variables most important in determining crayfish occurrence from our model to characterize 
habitat associations for P. connectens and P. gambelii. 
 
Field Sampling 
We sampled a total of 163 sites in Idaho, Nevada, Oregon, Utah, and Wyoming 
anticipated to be within the native range of P. connectens and P. gambelii, with 78 sites sampled 
between July 16th and August 10th 2016, and 85 sites sampled between July 2nd and August 3rd 
2017. We sampled 50 of the 63 historical occurrence records for the pilose crayfishes (Appendix 
D) used in our SDM. Due to logistical constraints of the field sampling protocol, we opted not to 
randomize sampling locations, but we deliberately sought to sample a range of habitat types from 
small streams to large rivers and natural lakes to reservoirs. Sites were sampled by one of two 
methods: either timed searches by two observers (106 sites), or overnight baited trapping (57 
sites). In most cases, choice of timed search or baited trapping was ad hoc in response to our 
schedule that day, although baited trapping was sometimes required at sites where timed searches 
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were not feasible (below). When timed searching, sites were sampled for crayfishes using three 
20-minute timed searches (one hour total) completed by two observers, using hand nets, D-frame 
nets, or seines depending on habitat size or other attributes. We used hand nets in the smallest 
streams where larger nets were difficult to use, and to search the wadeable littoral zones of 
reservoirs and lakes by overturning potential crayfish shelter like cobble and large woody debris. 
We used D-frame nets and seines in larger wadeable streams and rivers, following an approach 
approximating quantitative kick seining for crayfishes (Engelbert et al., 2016). Timed searches 
generally covered approximately 100-200 m of linear habitat in either lotic or lentic 
environments. At some sites – including those too deep, too steep, or with too limited public 
access to sample by our timed search methods – we set crayfish traps (0.42 m long by 0.21 m 
diameter with two 60-mm openings) overnight that were baited with dry dog food (Larson and 
Olden, 2016). When trapping, we set four to six traps per site for approximately 16 hours at 
depths ranging from a half meter to several meters deep.  
 
Explaining Misclassifications 
 We anticipated that our SDM identifying suitable habitat for the pilose crayfishes might 
misclassify some presences and absences from our field sampling in 2016 and 2017. These 
misclassifications could include false negatives and false positives. In our study, false negatives 
are sites where the model predicted the pilose crayfishes to be absent but where we found them 
during field sampling, whereas false positives are sampled sites where the model predicted the 
pilose crayfishes to be present but we did not detect them during field sampling. False positives 
in particular might occur if the pilose crayfishes have experienced range and population declines 
in response to habitat degradation and loss or displacement by invasive crayfishes. We sought in 
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particular to explore factors differentiating true positives, where our SDM and field sampling 
agreed on the presence of pilose crayfishes, from false positives using a single classification tree 
with predictors that could explain population or range declines for our native crayfishes, as well 
as potential differences in detection probability between our two sampling methods. We did not 
model true and false negatives, because true negatives – where habitat was not predicted to be 
suitable for our focal crayfishes – were not of interest for range declines, and false negatives 
were relatively rare and accordingly difficult to model due to low sample sizes (see Results). 
We chose as predictors for this classification tree the presence of invasive crayfish 
(including the presumed native invader P. leniusculus), whether the site was a reservoir or not 
(measured according to waterbody classification in the National Hydrology Dataset; ‘National 
Hydrography Geodatabase’, 2013), sampling method, a modeled measure of stream benthic 
community condition (Hill et al., 2016), an estimate of stream hydrologic regulation by dams and 
water diversions (Hill et al., 2016), and percent of upstream urban and agricultural land cover 
from Domisch et al. (2015). We anticipated that presence of invasive crayfish could result in a 
greater number of false positives relative to SDM predictions for native pilose crayfishes 
occurrence, because invasive crayfish commonly displace native crayfishes through mechanisms 
such as competition (Twardochleb et al., 2013). We also expected that the pilose crayfishes 
might be more likely to be absent in reservoirs due to the substantial abiotic and biotic changes 
associated with stream and river impoundment, which may explain greater numbers of false 
positives in these environments (Gido et al., 2000; Johnson et al., 2008). We included our 
sampling methods as a categorical predictor for false and true positives, because we suspected 
that our baited trapping may have had lower detection probabilities for crayfishes in this study 
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system than timed searches (Appendix F), and as such choice of sampling method might explain 
false positives at some sites.  
Stream benthic community condition is predicted by a model based on results from U.S. 
Environmental Protection Agency’s (EPA) 2008/2009 National Rivers and Streams Assessment. 
This index is measured between 0 and 1 (where 0 is most degraded and 1 is most intact), and is 
predicted for each stream segment by metrics including macroinvertebrate and fish indexes, 
water quality, and physical habitat (Hill et al., 2016). Similarly, hydrologic regulation is an index 
between 0 and 1 (where 0 is highly regulated and 1 is unregulated) and is evaluated for each 
catchment by metrics such as upstream dam density, water use, and length and density of canals 
(Hill et al., 2016). We expected that poorer stream benthic community condition would result in 
a greater number of false positives relative to SDM predictions of pilose crayfish occurrence 
since it may reflect poor water quality, habitat degradation, or fewer food sources for crayfish 
(Bilotta and Brazier, 2008; Momot, 1984). Likewise, we expected that increased hydrological 
regulation would increase false positives due to possible crayfish intolerance to systems with 
greater alteration of the flow regime (Poff et al., 2007). We similarly expected that the pilose 
crayfishes might have negative relationships, and accordingly false positives relative to their 
historical distribution, to upstream urban and agricultural land cover, as has been observed for 
some other freshwater species (Allan, 2004). We modeled our classification tree in the R 
package rpart (Therneau et al., 2018) using a minimum split parameter of 10 and a complexity 
parameter of 0.01. By using this classification tree to differentiate true positives from false 
positives, we hoped to identify potential reasons for misclassification between our model based 





 Our boosted regression tree model classified combined P. connectens and P. gambelii 
historical occurrences relative to background points with a moderate AUC of 0.824 based on 
testing data withheld in ten-fold cross-validation (Figure 3.4). Our most important environmental 
variables from our primary model included upstream temperature seasonality (relative 
importance of 13%), flow accumulation (12%), annual upstream precipitation (11.6%), upstream 
precipitation seasonality (11%), flow length (10%), and average slope (8%). Based on our SDM, 
the pilose crayfishes had a mostly negative relationship with the smallest streams in our study 
region, as measured by environmental variables including annual upstream precipitation, average 
slope, and flow length (Figure 3.5). However, flow accumulation showed a positive association 
with some very small streams, with lower values of flow accumulation predicting a high 
likelihood of pilose crayfish occurrence. The pilose crayfishes also had a negative relationship 
with high annual upstream temperature and precipitation seasonalities, and were likely to occur 
at sites of moderate slope.  
We found the pilose crayfishes at 20 (12%) of the total 163 sites we sampled, with P. 
connectens and P. gambelii each at 10 (Figure 3.6; Appendix G). We found the native invader P. 
leniusculus at 29 sites (18%) and the invasive virile crayfish F. virilis at 22 sites (13%), with 
only one site where any two crayfish species occurred sympatrically (F. virilis and P. gambelii; 
Figure 3.6). Of the 50 historical sites we sampled, we found the pilose crayfishes at only 12 
(24%), but we found F. virilis at 12 (24%) and P. leniusculus at 6 (12%). Our boosted regression 
tree model predicted presences and absences of pilose crayfishes from field sampling with 
relatively low success, based on a Cohen’s Kappa (K) of 0.14. Of the sites we sampled, 73 (45%) 
were classified as suitable pilose crayfish habitat from our boosted regression tree model. 
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Overall, our model correctly predicted 14 out of 20 (70%) presences for these native crayfishes 
(true positives), but misclassified 6 (30%) presences as unsuitable habitat for these crayfishes 
(false negatives). Similarly, our model correctly predicted 84 out of 143 (59%) absences (true 
negatives), but misclassified 59 (41%) absences as suitable habitat for P. connectens and P. 
gambelii (false positives).  
 Our single classification tree differentiated false positives from true positives relatively 
well with a Cohen’s K of 0.64 (Figure 3.7). False positives were more likely to occur at sites 
where invasive crayfish were present; at sites with either very poor or very good stream benthic 
community conditions; at sites where we used baited trapping rather than timed searches; and at 




We modeled suitable habitats for the pilose crayfishes P. connectens and P. gambelii 
based on their historical occurrence records using boosted regression trees and a series of 
environmental variables. We found that these crayfishes occurred historically in larger streams 
and rivers with lower upstream precipitation seasonality, low to intermediate upstream 
temperature seasonality, and higher annual upstream precipitation. We interpret these results as 
suggesting that the pilose crayfishes did not generally occur in high elevation, montane streams 
with extreme seasonality like the Uinta and Teton mountains. When related to contemporary, 
conventional field sampling, we found that the pilose crayfishes had seemingly experienced large 
population and range declines. For example, we found the pilose crayfishes at only 24% of the 
50 historical occurrence records we sampled, and at only 19% of sites that our SDM predicted as 
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suitable for them. In many cases, these declines appear attributable to displacement by the 
invasive crayfishes F. virilis and P. leniusculus and degraded stream benthic community 
condition, but choice of sampling method may also have affected the frequency of false positives 
we observed for the pilose crayfishes relative to modeled habitat suitability. Regardless, the 
pilose crayfishes seemingly require increased management and conservation attention, because 
they may be at risk of the types of population declines or even extinction that have been 
observed for similar crayfishes of the subgenus Hobbsastacus (Bouchard, 1977; Light et al., 
1995). 
We found from our SDM that the pilose crayfishes P. connectens and P. gambelii 
occurred historically in larger streams and rivers in less extreme environments, featuring 
moderate to low temperature seasonality, low precipitation seasonality, and moderate slopes. 
Based on this model, the pilose crayfishes did not generally occur in the absolute smallest 
streams in our study region, as measured by predictors like flow accumulation, annual upstream 
precipitation, and flow length. Previous studies have found other crayfish species to either favor 
or disfavor smaller and potentially intermittent streams due to different tolerances to abiotic 
factors like stream drying and biotic factors like longitudinally structured predator communities 
(Creed, 2006; Flinders and Magoulick, 2005). However, as an exception to our finding that 
pilose crayfishes did not historically occur in the smallest streams, we did find some positive 
association between these crayfishes and the absolute smallest streams in our region as measured 
by flow accumulation. This likely reflects the known tendency for these crayfishes to occur in 
some small, groundwater-dominated springs with minimal upstream surface watersheds (Hobbs, 
1972; Hubert, 2010). Our contemporary field sampling similarly supported an association of the 
pilose crayfishes with some groundwater-dominated spring habitats (Figure 3.8), which parallels 
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the tendency of the similar and endangered Shasta Crayfish P. fortis to occur in stable, 
groundwater-dominated lava springs in northern California (Light et al., 1995). These isolated 
spring systems should perhaps be priorities for pilose crayfish conservation, as they have 
represented strongholds against displacement by invasive crayfishes for P. fortis (Cowart et al., 
2018). 
The pilose crayfishes also showed negative relationships to streams with high upstream 
temperature and precipitation seasonalities, which reflect those streams and rivers draining high 
elevation mountain ranges in our study region, where winters are extremely wet and cold relative 
to warm and dry summers. Such locations are likely to have high spring and summer stream 
discharge owing to snowmelt-dominated flow regimes, as well as lower stream temperatures 
relative to valley bottom streams (Reidy Liermann et al., 2012). The invasive Signal Crayfish P. 
leniusculus experienced declines in abundance following high flow years in the similar Sierra 
Nevada mountains of California (Light, 2003), and the congeneric pilose crayfishes may be 
similarly intolerant of higher stream flows or discharge associated with ultra-snowmelt systems. 
Despite this, we did find a positive association between the pilose crayfishes and stream slope, 
and these crayfishes may do better in slightly higher gradient streams that maintain the type of 
cobble rock substrate that many crayfish species prefer as habitat (Garvey et al., 2003; Nyström 
et al., 2006). Our SDM revealed a number of potential habitat associations for the pilose 
crayfishes based on historical occurrence records at a relatively coarse 1 km2 spatial grain, but 
much more work needs to be done in order to understand the habitat preferences of these 
crayfishes from micro-habitat (e.g., 1 m2) to reach scales (e.g., 100 m; Magoulick and Flinders, 
2007; Wooster et al., 2012). Such finer-grain habitat work may, in part, clarify the frequency of 
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false positives we observed for these crayfishes when comparing SDM predictions to 
contemporary field sampling. 
Overall, our SDM on historical occurrence records for P. connectens and P. gambelii 
predicted contemporary distributions for these crayfishes with relatively low success in 
comparison to our field sampling, with many false positives but comparatively few false 
negatives. Because false positives may represent range declines for the pilose crayfishes, 
whereas false negatives were seemingly locations where GIS data simply did not reflect in-
stream conditions (e.g., groundwater springs; Figure 3.8), we sought to explain false positives 
relative to true positives. We did this by using a single classification tree on a series of predictors 
either related to factors potentially causing range declines for the pilose crayfishes based on past 
studies in other crayfish species (Richman et al., 2015; Twardochleb et al., 2013), or predictors 
related to possible differences in detection probabilities between our field sampling methods 
(Larson and Olden, 2016). We found that the best explanation for false positives for the pilose 
crayfishes was presence of an invasive crayfish species at the site. This is consistent with many 
past studies which have found displacement by invasive crayfishes to be a leading driver of 
native crayfish population declines (Lodge et al., 2000; Pintor et al., 2008), and is also consistent 
with causes of imperilment or extinction for other Pacifastacus crayfishes (Bouchard, 1977; 
Light et al., 1995). The second best explanation for false positives for the pilose crayfishes was 
highly degraded stream benthic community condition; these crayfishes have seemingly 
experienced range declines at locations where stream communities are the most impaired, 
including many lower elevation valley bottoms which have experienced high agricultural and 
urban development in this region (Hill et al., 2016). 
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Alternatively, we also found that false positives for the pilose crayfishes were more likely 
to occur at locations where we sampled by baited trapping, rather than locations where we 
conducted timed searches. Different sampling methods can have different detection probabilities 
for crayfishes across habitat types (Larson and Olden 2016), and in this case, we routinely only 
collected one to two crayfish with four to six baited traps effort overnight, whereas timed 
searches routinely collected higher numbers of crayfish over an hour of effort (Appendix F). As 
such, we recommend that future studies focused on the pilose crayfishes use timed searches 
where possible, and if requiring the use of baited trapping, increase trap effort (number of traps) 
to improve detection probabilities with this method. Finally, false positives were associated with 
some habitat variables that we cannot necessarily explain as being associated with likely range or 
population declines for the pilose crayfishes. Specifically, false positives were associated with 
some sites of very high stream benthic community condition (unimpaired) and were also 
associated with sites with low agricultural land cover. Again, we propose that better 
understanding of micro- to reach-scale habitat associations for the pilose crayfishes might 
improve our understanding of some of these false positives where we failed to find these species 
at places predicted suitable for them (Magoulick and Flinders, 2007; Wooster et al., 2012). 
Importantly, our finding of potentially large range declines for P. connectens and P. 
gambelii is dependent not only on comparison to modeled suitable habitat from an SDM, but also 
direct comparison to historical occurrence sites that we resampled. Our SDM estimated a 
possible 80% range decline for the pilose crayfishes (false positives relative to true positives), 
whereas comparisons at the 50 historical sites we re-sampled suggests a similar 76% range 
decline (63% for P. connectens and 85% for P. gambelii). We found the pilose crayfishes at only 
24% of the historical sites we resampled, and in another parallel to our SDM and single 
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classification tree results, invasive crayfishes again appeared to be a major driver of this range 
decline. Of the 50 historical sites that we resampled, 36% were instead occupied by invasive 
crayfishes, with only one site where a native crayfish species (P. gambelii) occurred in sympatry 
with an invasive crayfish species (F. virilis). Per IUCN extinction risk assessments, range 
declines of ≥70% over 10 years or three generations qualify for Endangered status, whereas 
range declines of ≥50% over the same time periods qualify for Vulnerable status (IUCN, 2012). 
We do not necessarily know the rate at which pilose crayfishes have experienced population 
declines or range retractions, but propose that neither of the pilose crayfishes are necessarily 
secure from some extinction risk due to impacts of invasive crayfishes or other stressors 
associated with habitat loss or degradation. We recommend that state, federal, and international 
agencies consider elevated conservation status categories for both pilose crayfishes. 
Our finding of large apparent declines in the distribution of the pilose crayfishes suggests 
urgent need for management, conservation, and research of these crayfishes. The presence of 
invasive crayfishes in particular seems strongly related to declines or local extirpations of P. 
connectens and P. gambelii. Accordingly, efforts to prevent the further introduction and spread 
of invasive crayfishes like F. virilis, or the “native invader” P. leniusculus, should be 
immediately implemented, and may include educational outreach or regulatory change and 
enforcement to prohibit these organisms from the live animal trade (Larson and Olden, 2011; 
Lodge et al., 2016). In areas where F. virilis or P. leniusculus are already present, management 
and maintenance of existing dispersal barriers such as dams and waterfalls may keep these 
invaders from spreading further and help to conserve existing pilose crayfish populations (Kerby 
et al., 2005; Fausch et al., 2009). In addition, where local conditions allow (e.g., small 
groundwater springs; Figure 3.8), construction and maintenance of new dispersal barriers might 
56 
 
be considered to protect extant P. connectens and P. gambelii populations (Cowart et al., 2018). 
Range declines of the pilose crayfishes were also seemingly associated with degraded stream 
benthic community condition (Hill et al., 2016). Management and regulation of point and 
nonpoint sources of water pollution or sedimentation may help to prevent current pilose crayfish 
habitat from also becoming highly degraded (Allan, 2004; Novotny and Smith, 2004; Strayer, 
2006). Our SDM suggests that the pilose crayfishes most typically occur in the types of larger, 
low elevation, valley bottom streams that are at most risk of degradation from land use in our 
study region (Hill et al., 2016; Thornbrugh et al., 2017), and as such, persistence of these 
crayfishes is likely dependent on good management practices for water quality and in-stream 
habitat (Bilotta and Brazier, 2008; Strayer and Dudgeon, 2010). 
We conclude by emphasizing that our study is the first dedicated to the ecology and 
distribution of the pilose crayfishes, but further basic distributional and ecological information is 
urgently needed to support the conservation of these species. We are relatively confident that we 
have sampled within the true historical range for both crayfishes, but aberrant occurrence records 
for each species across the larger western U.S. merits investigation (Larson and Williams, 2015). 
Pacifastacus connectens and P. gambelii would certainly benefit from additional biological and 
ecological information, including life history studies (Moore et al., 2013), investigations of 
ecological interactions with other organisms, particularly invasive crayfishes (Pintor et al., 2008; 
Usio et al., 2001), and habitat selection and use at finer grains than we consider here (Magoulick 
and Flinders, 2007). We hope that our study will provide a baseline and motivation for future 




Fig. 3.1. Images of Pacifastacus connectens (a) and Pacifastacus gambelii (b) demonstrating the 




Fig. 3.2. Historical Pacifastacus connectens and Pacifastacus gambelii occurrence records 
(N=63) used in species distribution modeling to identify suitable crayfish habitat (Appendix D). 
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Fig. 3.3. Conceptual figure representing our process, from species distribution modeling, to 
comparison to field sampling results, to explanation of classifications between them with a single 




Fig. 3.4. Suitable habitat for Pacifastacus connectens and Pacifastacus gambelii (combined) in 
the western U.S. predicted from a boosted regression tree model using historical crayfish 
occurrence records and the EarthEnv habitat layers (Domisch et al., 2015). The 0.107 threshold 
for suitable crayfish habitat is based on a balance between the true positive and true negative rate 
for crayfish occurrences and background points.
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Fig. 3.5. Partial dependence plots showing the relationship between the top six predictors for 
Pacifastacus connectens and Pacifatacus gambelii presence (combined) in the western U.S. 
Upstream temperature seasonality is the standard deviation of monthly average temperature in oC 
and upstream precipitation seasonality is a coefficient of variation of monthly average 
precipitation in mm. Flow accumulation (count) is the watershed area, calculated as the sum of 
upstream grid cells for the entire catchment delineated for each grid cell, and flow length (count) 
is the length of the stream network, calculated as the sum of upstream grid cells for only the 
stream network within the catchment. Annual upstream precipitation is measured in mm and 




Fig. 3.6. Results of field sampling for Pacifastacus connectens and Pacifastacus gambelii in the 
western U.S. in the summers of 2016 and 2017. Crayfish species found include P. connectens 





Fig. 3.7. Results of a classification tree which sought to differentiate false positives from true 
positives in comparing predictions from an SDM (Figure 3.4) to contemporary field sampling for 
the crayfishes Pacifastacus connectens and Pacifastacus gambelii. Each node displays the 
classification (FALSE/TRUE) based on majority rule, the decision (yes/no; where yes is sorted 
to the left and no is sorted to the right, as demonstrated in the first node), the proportion of 
observations that are true positives, and the percentage of total observations (N=73) present at 




Fig. 3.8. Although we found Pacifastacus connectens and Pacifastacus gambelii in other lentic 
and lotic habitat types, these crayfishes often occur in groundwater-dominated spring systems 
with small upstream surface watersheds, which are relatively common in the Snake River Plain. 
Use of these habitats explains the relationship between presence of the pilose crayfishes and 
streams with extremely low upstream flow accumulation (Figure 3.5), as well as some false 
positives in comparison of our SDM (Fig. 3.4) to field sampling results (Fig. 3.6), due to the 
likely inaccuracy of GIS data in representing conditions for these groundwater springs. Examples 
include Box Canyon Spring, Idaho (a, b), Niagara Spring, Idaho (c), and springs in the vicinity of 
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These studies are among the first to use newly-available and freshwater-specific GIS data layers 
for species distribution modeling (SDM). I used these GIS layers to characterize distributions 
and habitat associations for both invasive (Procambarus clarkii) and potentially imperiled 
(Pacifastacus connectens and P. gambelii) crayfishes to guide appropriate management or 
conservation actions. In the case of P. clarkii, I identified 2% of the Great Lakes as suitable for 
P. clarkii establishment and 0.88% as optimal for this crayfish, with these habitats primarily 
located on the southern coastlines of lakes Michigan and Erie and shallow bays including 
Sandusky (Lake Erie), Saginaw (Lake Huron), Green (Lake Michigan), and Henderson (Lake 
Ontario). These predictions of where P. clarkii is likely to establish populations can be used to 
prioritize areas where education, outreach, compliance, and law enforcement efforts should seek 
to prevent new introductions of this crayfish and help prioritize locations for surveillance aimed 
at detecting newly established or spreading populations. In the case of P. connectens and P. 
gambelii, my SDM predicted 73 sites (45%) of 163 I sampled as suitable for the pilose 
crayfishes, with a moderate AUC value of 0.824. The pilose crayfishes were generally predicted 
to occur in larger streams and rivers with less extreme upstream temperature and precipitation 
seasonality. I found the pilose crayfishes at only 20 (12%) of the 163 total sites we sampled, 14 
(20%) of the 73 sites predicted as suitable for them by my SDM, and 12 (24%) of 50 historical 
sites that I sampled. I found the invasive virile crayfish Faxonius virilis at 22 sites total and 12 
(24%) historical sites for the pilose crayfishes, and the “native invader” signal crayfish 
Pacifastacus leniusculus at 29 sites total and 6 (12%) historical locations. I subsequently used a 
single classification tree to identify factors associated with our high rate of false positives for 
contemporary pilose crayfish distributions relative to our SDM. This classification tree identified 
76 
 
the presence of invasive crayfishes, impairment of the benthic community, and sampling method 
as some of the factors differentiating false positives relative to true positives for the pilose 
crayfishes. I found that the pilose crayfishes have seemingly experienced substantial range 
declines, attributable to apparent displacement by invasive crayfishes and impairment or change 
to stream communities and habitat. I recommend increased conservation and management 
attention to P. connectens and P. gambelii in response to these findings, as well as future 
research into these long-neglected, data-deficient crayfishes. 
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APPENDIX A: FAXONIUS RUSTICUS AND MODEL EXTRAPOLATION  
 
To illustrate the potential challenges in anticipating the future range of Procambarus 
clarkii in the Great Lakes from its current restricted distribution in the western basin of Lake 
Erie, we use the example of the Rusty Crayfish Faxonius rusticus. Faxonius rusticus was first 
reported as a suspected non-native crayfish in the western basin of Lake Erie in 1897, but spread 
to occupy the rest of the Great Lakes after a long time lag, beginning in the 1970s (Peters et al., 
2014). Such time lags before spread are common for invasive species, and can complicate our 
ability to anticipate which long-established non-natives are likely to become invasive in the 
future, as well as where they can live (Crooks and Soulé, 1999). Given that F. rusticus began its 
Great Lakes invasion from isolated populations in the western basin of Lake Erie, we proposed 
that this previous crayfish invader might be a good surrogate or proxy for anticipating patterns of 
establishment and spread for the similarly distributed P. clarkii (Larson et al., 2014; Larson and 
Olden, 2012). We sought to evaluate if we could predict the known range extent of F. rusticus by 
2008 from Peters et al. (2014) based on its earliest occurrence records from pre-1955 and the 
Great Lakes Aquatic Habitat Framework (GLAHF) data layers used in the main text manuscript. 
If possible, then we might similarly be able to anticipate the vulnerability of the Great Lakes to 
the spread of P. clarkii from its current, restricted range. Alternatively, if occurrence data from 
early in F. rusticus’ invasion process could not anticipate its subsequent range extent in the Great 
Lakes, as has been observed in other study systems (Václavík and Meentemeyer, 2012; Welk, 
2004), then different modeling approaches for P. clarkii would be advisable. 
Species distribution models (SDMs) built on restricted, early stage occurrences may 
perform poorly because they are not capturing biologically important relationships revealed by 
the full process of spread for an invasive species, or because they are over-fitting to 
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environmental predictors given the small sample size available to train and test these models on. 
Accordingly, we first sought to identify the best predictors for F. rusticus based on its full 
occurrence records by 2008 in the Great Lakes, an advantage we admittedly would not have for 
modeling P. clarkii from its current distribution in the Great Lakes. As such, our case study for 
F. rusticus is a best case scenario in which knowledge of important predictor variables revealed 
by the spread process would be available to model the earliest occurrence records with SDMs. 
We identified these important predictors variables for F. rusticus habitat suitability using boosted 
regression trees (Elith et al., 2008) and the full set of GLAHF predictors included in the main 
text manuscript (Table 1). Our best model explained total (1897-2008) F. rusticus occurrences 
(N=157) relative to F. rusticus absences (N=842; where other crayfish species presence is 
counted as F. rusticus absence) and pseudo-absences (N=1103) with an AUC of 0.861 from 
testing data withheld from model training by ten-fold cross-validation. The most important 
predictors for F. rusticus presence based on its full occurrence dataset were mean wave height in 
July and August (relative importance 22%), ice duration (9%), suspended minerals (8%), sea 
surface temperature (6%), cumulative degree days (5%), and sand/uncolonized substrate (5%). 
We included only these six best predictors in developing subsequent SDMs for early occurrence 
records of F. rusticus.  
We next sought to develop SDMs that did not over-fit models to the earliest occurrence 
records for F. rusticus, but instead could extrapolate well to the future range extent of this 
species. These SDMs sought to represent F. rusticus early in its invasion process using early 
(pre-1955) F. rusticus occurrences (N=13) relative to the same F. rusticus absences (N=842; 
where other crayfish species presence is counted as F. rusticus absence) and pseudo-absences 
(N=1103) used above. One reason models may extrapolate poorly in space and time is if they are 
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over-fit to their training data due to inclusion of many predictor variables which may be 
incidentally correlated with occurrence data, but lack mechanistic or biological meaning relative 
to where the organism can live or establish populations (Wenger and Olden, 2012). As such, we 
attempted to minimize over-fitting of our boosted regression tree models by limiting the number 
of predictor variables considered in any individual model to simple combinations of the best 
known predictors (above; Peterson, 2011; Petitpierre et al., 2017), and we further restricted 
boosted regression tree complexity by manipulating learning rate across a range of possible 
gradients (Elith et al., 2008). We chose to manipulate learning rate rather than bag fraction and 
tree complexity because we found model performance in extrapolation to be most sensitive to 
this regularization parameter. We developed our boosted regression tree models with varying 
learning rates between 0.01 and 0.0005, with a constant tree complexity of 4 and bag fraction of 
0.5.  
To begin, we developed a model which used only the best predictor variable from the full 
model (mean wave height in July and August), then added each of the remaining top predictor 
variables sequentially from the full model (above), until considering a model with all six 
predictor variables included for a total of six model formulations We then built models for each 
of the six formulations of predictor variables for each of nine learning rate values for a total of 54 
models, to seek the early occurrence model that best predicted the future occurrences of F. 
rusticus. We then projected the results of each of these models to the full Great Lakes extent and 
calculated AUC for all F. rusticus occurrences (1897-2008) against the same absences and 
pseudo-absences used in the above models. Based on some past studies (Petitpierre et al., 2017; 
Wenger and Olden, 2012), we anticipated that simpler models with fewer predictor variables and 
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restricted model complexity would best extrapolate to the full range extent of F. rusticus from 
information available only at its earliest stages of the invasion process. 
Overall, we found that none of the early F. rusticus models predicted well to the future 
under any combination of variables and model constraints, with AUCs all less than 0.668 (Figure 
A.1). Our best performing models included only the best predictor variable from the full model 
(mean wave height in July and August) regardless of learning rate, but AUC decreased sharply 
with the addition of subsequent predictor variables, again regardless of learning rate – although 
we do note that AUC also attenuated sharply at the highest learning rates for our models (Figure 
A.1). We chose the single best of these 54 models (predictor variable: mean wave height in July 
and August, learning rate: 0.001) and projected it to the full Great Lakes to evaluate how well it 
classified or discriminated full or future F. rusticus occurrences from absences and background 
data. However, even this best model of early (pre-1955) F. rusticus occurrences predicted a very 
restricted range of suitable habitat in the Great Lakes when compared to both the full, known 
occurrence records by 2008 and the best SDM built using them (Figure A.2).  
Ultimately, models using only the earliest occurrence records failed to anticipate the current 
extent of the Great Lakes ecosystem invaded by F. rusticus. We could not “see the future” for 
this crayfish invader using data from early in its invasion process. We found that for any 
combination of learning rate and number of predictor variables included, the early (pre-1955) F. 
rusticus occurrence records created a model which under-estimated the extent of the Great Lakes 
that this crayfish would go on to invade. Notably, boosted regression trees are more complex 
than many traditional modeling methods (Elith et al., 2008), and we might get better 
extrapolation performance if using a simpler SDM approach (Wenger and Olden, 2012). 
However, past studies have failed to find good extrapolation performance between native and 
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non-native ranges for invasive species, including crayfishes, even when using some of the 
simplest SDM tools, like Mahalanobis distance (Larson and Olden, 2012). Regardless of 
modeling methodology, it may not be possible to make good predictions of habitat associations 
or potential range extents for species, including spreading invaders, which are not at equilibrium 
with their environments (Václavík and Meentemeyer, 2012; Welk, 2004). Considering that P. 
clarkii is almost certainly still spreading in the Great Lakes and that this large, unique ecosystem 
is so distinct relative to other places P. clarkii has invaded, we used our F. rusticus example here 
to conclude that we could not anticipate the future range extent for this emerging crayfish 
invader from its current distribution alone. As such, we instead sought to use an SDM to identify 
crayfish habitat in general in the Great Lakes, then constrain this suitable habitat to that 
anticipated to support P. clarkii survival and reproduction based on the known physiology of this 
species. Our main text analysis may potentially over-state where P. clarkii could establish or 
spread in the Great Lakes, but our present F. rusticus example demonstrates how an SDM based 
only on occurrence records from early in the invasion process is likely to substantially under-






Fig. A.1. AUC values for boosted regression tree models built using early (pre-1955) F. rusticus 
occurrences in the Great Lakes when extrapolated and tested against the full, known occurrence 
records for this species by 2008 (Figure A.2). We varied learning rate and number of predictor 
variables (adding predictor variables sequentially in order of importance from the full model), 
and kept tree complexity (4) and bag fraction constant (0.5). No models based on early F. 
rusticus occurrence records extrapolated well to the contemporary range extent of this species in 
the Great Lakes; we illustrate our best performing model (predictor variable: mean wave height 





Fig. A.2.  Early (a; pre-1955) and full or contemporary (b) occurrence records for the invasive 
crayfish Faxonius rusticus in the Great Lakes, with projections of suitable habitat from their 
associated SDMs using only early (c) or full occurrence records (d). Habitat suitability thresholds 
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APPENDIX B: PARTIAL DEPENDENCE PLOTS 
 Fig. B.1. Partial dependence plots showing the relationship between the top six predictors for 
crayfish presence in the Great Lakes. Ice duration is number of days when cell is 10% or more 
covered in ice. Light penetration is in reciprocal meters (1/m). Mean wave height is the average 
for each cell for listed months. Suspended minerals is the annual mean for 2008 and 2010 in 
mg/L. Hard substrate is the percent of area covered by hard substrates in each cell. 
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APPENDIX C: OTHER SPECIES DISTRIBUTION MODELS 
Fig. C.1. Suitable crayfish habitat in the western United States predicted for combinations of 
background points (50, 300, and 1000) and pilose crayfish occurrence records (P. connectens 
individually, P. gambelii individually, and both pilose crayfish species combined). These 
predictions were developed from boosted regression tree models using historical crayfish 
occurrence records and the EarthEnv habitat layers (Domisch et al., 2015). Our chosen model for 
main text analyses (1000 background points, both pilose crayfish species combined) is outlined 
in bold.  
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APPENDIX D: HISTORICAL OCCURRENCES TABLE 
 
Table D.1. Table of historical Pacifastacus connectens and Pacifastacus gambelii occurrence records (N=63) from various sources. 
Site number corresponds to our sampling sites in APPENDIX G; those without site numbers were not sampled. Year collected is given 
when known. Additional information regarding source is given in footnotes. 
 
Table D.1 cont’d         
Site Number Site Name Latitude Longitude 
Historic Species 
Record 
State County Source 
Year 
Collected 
2 Sulfur Creek Reservoir 41.1471 -110.8235 P. gambelii Wyoming Uinta Hubert (1988) 1988 
3 Bear River State Park 41.2606 -110.9375 P. gambelii Wyoming Uinta Hubert (2010) 1988 
5 Woodruff Narrows Reservoir 41.5042 -111.0211 P. gambelii Wyoming Uinta Hubert (1988) 1988 
8 Bear Lake South 41.8464 -111.3381 P. gambelii Utah Rich Johnson (1986) 1986 
11 Bear Lake North 42.1198 -111.2982 P. connectens Idaho Bear Lake Smithsonian Institution NMNH 2001 
17 Salt Fork 42.3993 -111.0150 P. gambelii Wyoming Lincoln Pete Cavalli 2012 
25 Polecat Creek 44.1104 -110.6884 P. gambelii Wyoming Teton Miller (1960) <1960 
34 Snake River Roberts 43.7216 -112.0857 P. gambelii Idaho Jefferson Smithsonian Institution NMNH 1949 
37 Falls Creek 43.4416 -111.3785 P. gambelii Idaho Bonneville Thomas Woolf 2014 
41 Bear River below Alexander 42.5936 -111.7197 P. gambelii Idaho Caribou Smithsonian Institution NMNH 1976 
42 Bear River Thatcher 42.4082 -111.7330 P. gambelii Idaho Franklin College of Idaho Museum 1975 
43 Bear River Oneida 42.2641 -111.7527 P. gambelii Idaho Franklin Smithsonian Institution NMNH 1975 
44 Bear River Preston 42.0971 -111.9165 P. gambelii Idaho Franklin Smithsonian Institution NMNH 1976 
52 Sublett Creek 42.3242 -113.0482 P. gambelii Idaho Cassia Smithsonian Institution NMNH 1981 
53 Massacre Rock 42.6842 -112.9814 P. gambelii Idaho Power Smithsonian Institution NMNH 1950 
56 Cassia Creek 42.2761 -113.5152 P. gambelii Idaho Cassia Smithsonian Institution NMNH 1980 
57 Raft River 41.9522 -113.6836 P. gambelii Utah Box Elder Johnson (1986) 1984 
58 Rock Spring Creek 41.7234 -114.3766 P. gambelii Nevada Elko Jeff Petersen 2014 
63 Trapper Creek 42.1554 -113.9985 P. gambelii Idaho Cassia College of Idaho Museum 1990 
66 Rock Creek Lower 42.5665 -114.5030 P. gambelii Idaho Twin Falls College of Idaho Museum 1987 





Table D.1 cont’d         
Site Number Site Name Latitude Longitude 
Historic Species 
Record 
State County Source 
Year 
Collected 
72 Snake River Burley 42.5560 -113.7937 P. gambelii Idaho Cassia Smithsonian Institution NMNH 1982 
76 Hyrum Reservoir 41.6214 -111.8539 P. gambelii Utah Cache Johnson (1986) 1982 
77 Wellsville Reservoir 41.6297 -111.9294 P. gambelii Utah Cache Johnson (1986) 1982 
78 Box Elder Creek 41.4991 -111.9835 P. gambelii Utah Box Elder Holt (1960) 1958 
79 Weber River 41.1145 -111.7674 P. gambelii Utah Morgan Johnson (1986) 1982 
80 Lost Creek Reservoir 41.1867 -111.3826 P. gambelii Utah Morgan or Rich Johnson (1986) 1984 
83 Kimball 40.7284 -111.5366 P. gambelii Utah Summit Smithsonian Institution NMNH 1976 
102 
Snake River at Sidewinder 
Rapids 
42.8659 -114.9069 P. connectens Idaho Gooding College of Idaho Museum 2005 
103 Malad River Gorge 42.8629 -114.9029 P. connectens Idaho Gooding Bronwyn Williams 2012 
104 Billingsley Creek 42.8345 -114.8904 P. connectens Idaho Gooding Smithsonian Institution NMNH 1975 
105 Box Canyon Springs 42.7075 -114.8103 P. connectens Idaho Gooding College of Idaho Museum 2007 
106 Sand Spring Creek 42.7273 -114.8352 P. connectens Idaho Gooding College of Idaho Museum 1988 
107 Salmon Falls Creek 42.6958 -114.8558 P. connectens Idaho Twin Falls Smithsonian Institution NMNH 1981 
110 Upper Salmon Falls Reservoir 42.2092 -114.7307 P. connectens Idaho Twin Falls Carnegie MNH 1914 
125 Bruneau River near Bruneau 42.8804 -115.8180 P. connectens Idaho Owyhee Smithsonian Institution NMNH 1969 
136 Crooked Creek 42.8048 -117.7350 P. connectens Oregon Malheur Miller (1960) <1960 
141 Boulder Creek 42.8244 -116.7806 P. connectens Idaho Owyhee College of Idaho Museum 1976 
153 Middle Fork Malheur River 43.7354 -118.3030 P. connectens Oregon Harney Miller (1960) <1960 
155 Malheur River East of Juntura 43.7823 -118.0225 P. connectens Oregon Harney Smithsonian Institution NMNH 1975 
156 Malheur River near Harper 43.8577 -117.6087 P. connectens Oregon Harney Smithsonian Institution NMNH 1975 
163 Silver Creek 43.2799 -119.2483 P. connectens Oregon Harney Miller (1960) <1960 
164 
Golden Canal at Barnyard 
Springs 
43.2762 -119.3102 P. connectens Oregon Harney Malheur NWF 2012 
165 Double O Springs 43.2804 -119.3197 P. connectens Oregon Harney Malheur NWF 2011 
168 Snake River near Nyssa 43.8761 -116.9846 P. connectens Oregon Malheur Miller (1960) 1960 
179 Snake River Marsing 43.5480 -116.8012 P. connectens Idaho Canyon Smithsonian Institution NMNH 1929 
192 Donner Und Blitzen River 42.8007 -118.8680 P. connectens Oregon Harney Miller (1960) <1960 
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Table D.1 cont’d         
Site Number Site Name Latitude Longitude 
Historic Species 
Record 
State County Source 
Year 
Collected 
195 Big Jacks Creek 42.5940 -115.9927 P. connectens Idaho Owyhee College of Idaho Museum 1990 
205 Silvies River 43.5989 -119.0482 P. connectens Oregon Harney Miller (1960) 1960 
206 South Fork Malheur River 43.4080 -118.2831 P. connectens Oregon Harney Smithsonian Institution NMNH 1981 
 
Bear River 42.2490 -111.2717 P. gambelii Utah Rich Smithsonian Institution NMNH 1975 
 
Big Creek 41.6639 -111.1990 P. gambelii Utah Rich Smithsonian Institution NMNH 1976; 1983 
 
Crawfish Creek 44.1515 -110.6733 P. gambelii Wyoming Teton 
Miller (1960), 
Smithsonian Institution NMNH 
1949, 1975 
 
Giraffe Creek 42.4333 -111.0095 P. gambelii Wyoming Lincoln Hubert (2010) 2010 
 
Goose Creek 41.9469 -114.0758 P. gambelii Nevada Elko Miller (1960) <1960 
 
Goose Creek 42.0743 -113.9312 P. gambelii Idaho Cassia Smithsonian Institution NMNH 1980 
 
Marsh Creek 42.4574 -113.5194 P. gambelii Idaho Cassia Smithsonian Institution NMNH 1950 
 
Rock Creek 42.4544 -114.3640 P. connectens Idaho Twin Falls College of Idaho Museum 1985 
 
Salmon Falls Creek 42.7115 -114.8527 P. gambelii Idaho Twin falls Smithsonian Institution NMNH 1976 
 
Snake River 44.1416 -110.6634 P. gambelii Wyoming Teton Miller (1960) <1960 
 
Spring 43.6232 -110.6065 P. gambelii Wyoming Teton Hubert (2010) 2010 
 
Wennergren's Pond 41.7483 -111.8683 P. gambelii Utah Cache Miller (1960) <1960 
 





Bronwyn Williams, North Carolina Museum of Natural Sciences 
Carnegie Museum of Natural History 
College of Idaho Orna J. Smith Museum of Natural History 
Holt, P.C., 1960. The genus Ceratodrilus Hall, (Branchiobdellidae, Obligochaeta) with the description of a new species. Va. J. Sci. 11, 53–77. 
Hubert, W.A., 2010. Survey of Wyoming crayfishes: 2007-2009. Cheyenne, WY. 
Hubert, W.A., 1988. Survey of Wyoming crayfishes. Gt. Basin Nat. 48, 370–372. 
Jeff Petersen, Nevada Department of Wildlife 
Johnson, J.E., 1986. Inventory of Utah crayfish with notes on current distribution. Gt. Basin Nat. 46, 625–631. 
Miller, G.C., 1960. The taxonomy and certain biological aspects of the crayfish of Oregon and Washington. 
Malheur National Wildlife Refuge 
Pete Cavalli, Wyoming Game and Fish Department 
Smithsonian Institution National Museum of Natural History 




APPENDIX E: CLASSIFICATION HISTOGRAMS 
Fig. E.1. Histograms showing number of true positives, true negatives, false positives, and false 
negatives for models with varying number of background points included (50, 300, and 1000) 
and pilose crayfish species included (Pacifastacus connectens, Pacifastacus gambelii, and pilose 
crayfish species combined). We chose to combine the individual models for P. connectens and P. 
gambelii here to simplify or standardize comparison to the single model of both pilose crayfishes 
together; if either individual P. connectens or P. gambelii predicted a location as suitable for one 
crayfish we accepted it as suitable for either, with absences locations where neither model 
predicted habitat as suitable for these crayfishes.  
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APPENDIX F: SAMPLING METHOD HISTOGRAMS 
 
Fig. F.1. Frequency (number of sites) of crayfish catch-per-unit efforts (CPUE) for both timed 
searching and baited trapping across crayfish species sampled in this study. 
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APPENDIX G: FIELD SAMPLING RESULTS TABLE 
 
Table G.1. Table of field sampling results in the western U.S. in the summers of 2016 and 2017, in order of date sampled. We provide 
latitudes and longitudes in North American Datum 1983 (NAD 83), whether the site was sampled using baited trapping or timed 
search, whether the site was lentic or lotic, crayfish species detected, and whether the site had a historical species record. Crayfish 
species detected include Pacifastacus connectens (N=10), Pacifastacus gambelii (N=10), Faxonius virilis (N=22), and Pacifastacus 
leniusculus (N=29). 
 
Table G.1 cont’d         
Site Number Site Name 
Date 
Sampled 





1 Bear River Upper 7/16/2016 40.8731 -110.8351 Timed Lotic 
  
2 Sulfur Creek Reservoir 7/16/2016 41.1471 -110.8235 Timed Lentic F. virilis P. gambelii 
3 Bear River State Park 7/16/2016 41.2606 -110.9375 Timed Lotic F. virilis P. gambelii 
4 
Bear River at Larson 
House 





7/17/2016 41.5042 -111.0211 Timed Lentic F. virilis P. gambelii 
6 Woodruff Creek 7/17/2016 41.4697 -111.3032 Timed Lotic 
  
7 Birch Creek 7/17/2016 41.5072 -111.3074 Timed Lotic 
  
86 Woodruff Reservoir 7/17/2016 41.4656 -111.3205 Timed Lentic P. gambelii 
 
8 Bear Lake South 7/18/2016 41.8464 -111.3381 Trapped Lentic F. virilis P. gambelii 
9 Beaver Creek 7/18/2016 41.9616 -111.5342 Timed Lotic 
  
10 Fish Haven Creek 7/18/2016 42.0400 -111.4288 Timed Lotic 
  
11 Bear Lake North 7/19/2016 42.1198 -111.2982 Trapped Lentic F. virilis P. gambelii 
12 North Creek 7/19/2016 42.3917 -111.4928 Trapped Lotic 
  
14 Montpelier Creek 7/19/2016 42.3429 -111.1765 Timed Lotic 
  
13 Bear River Georgetown 7/20/2016 42.4777 -111.4058 Trapped Lotic F. virilis 
 
15 Smith's Fork 7/20/2016 42.3775 -110.8622 Timed Lotic 
  
16 Raymond Creek 7/20/2016 42.2768 -111.0221 Timed Lotic 
  
17 Salt Fork 7/20/2016 42.3993 -111.0150 Timed Lotic P. gambelii P. gambelii 
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19 Tincup Creek 7/21/2016 42.9782 -111.1683 Timed Lotic P. gambelii 
 
20 McCoy Creek 7/21/2016 43.1805 -111.1245 Timed Lotic 
  
25 Polecat Creek 7/22/2016 44.1104 -110.6884 Timed Lotic 
 
P. gambelii 
26 Buffalo Fork 7/22/2016 43.8581 -110.2738 Timed Lotic 
  
27 Lower Slide Lake 7/22/2016 43.6371 -110.5254 Trapped Lentic 
  
87 Upper Snake River 7/23/2016 43.3007 -110.7751 Timed Lotic 
  
88 Greys River 7/23/2016 43.0735 -110.8376 Timed Lotic 
  
28 Teton River 7/25/2016 43.7527 -111.2052 Trapped Lotic 
  
29 Conant Creek 7/25/2016 44.0050 -111.1492 Timed Lotic 
  
30 Warm River 7/25/2016 44.2050 -111.2518 Timed Lotic 
  
31 Big Spring 7/26/2016 44.4996 -111.2555 Trapped Lotic 
  
32 Lower Henry's Fork 7/26/2016 44.0697 -111.5106 Timed Lotic 
  
33 Lower Teton River 7/26/2016 43.9341 -111.6094 Timed Lotic 
  
34 Snake River Roberts 7/27/2016 43.7216 -112.0857 Trapped Lotic F. virilis P. gambelii 
35 Snake River Twin Bridges 7/27/2016 43.6726 -111.7685 Trapped Lotic 
  
37 Falls Creek 7/27/2016 43.4416 -111.3785 Timed Lotic P. gambelii P. gambelii 
90 Burns Creek 7/27/2016 43.6052 -111.4675 Timed Lotic 
  
36 Ririe Reservoir 7/28/2016 43.5761 -111.7347 Trapped Lentic P. leniusculus 
 
38 Blackfoot River 7/28/2016 43.0443 -111.9110 Timed Lotic P. gambelii 
 
39 Pebble Creek 7/28/2016 42.7343 -112.0258 Timed Lotic 
  
40 Portneuf River Lava 7/29/2016 42.6432 -112.0061 Trapped Lotic P. gambelii 
 
41 
Bear River below 
Alexander 
7/29/2016 42.5936 -111.7197 Trapped Lotic F. virilis P. gambelii 
43 Bear River Oneida 7/29/2016 42.2641 -111.7527 Timed Lotic F. virilis P. gambelii 
42 Bear River Thatcher 7/30/2016 42.4082 -111.7330 Trapped Lotic 
 
P. gambelii 
44 Bear River Preston 7/30/2016 42.0971 -111.9165 Trapped Lotic 
 
P. gambelii 
45 Cub River 7/30/2016 42.1404 -111.6286 Trapped Lotic 
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48 Portneuf River Crane 7/30/2016 42.7243 -112.2089 Timed Lotic P. gambelii 
 
49 Portneuf River Pocatello 7/30/2016 42.8213 -112.4055 Timed Lotic F. virilis 
 
50 Knox Creek 8/1/2016 42.5062 -112.6576 Timed Lotic 
  
51 Stone Reservoir 8/1/2016 42.0717 -112.6919 Timed Lentic 
  
52 Sublett Creek 8/1/2016 42.3242 -113.0482 Timed Lotic 
 
P. gambelii 
53 Massacre Rock 8/2/2016 42.6842 -112.9814 Trapped Lotic F. virilis P. gambelii 
54 Register Rock 8/2/2016 42.6529 -113.0172 Trapped Lotic F. virilis 
 
57 Raft River 8/2/2016 41.9522 -113.6836 Timed Lotic P. gambelii P. gambelii 
56 Cassia Creek 8/3/2016 42.2761 -113.5152 Trapped Lotic 
 
P. gambelii 
58 Rock Spring Creek 8/3/2016 41.7234 -114.3766 Timed Lotic P. gambelii P. gambelii 
62 Goose Creek Reservoir 8/4/2016 42.1841 -113.9311 Timed Lentic F. virilis 
 
63 Trapper Creek 8/4/2016 42.1554 -113.9985 Timed Lotic 
 
P. gambelii 
92 Cassia Creek 2 8/4/2016 42.2410 -113.5718 Trapped Lotic 
  
64 Rock Creek Upper 8/5/2016 42.3249 -114.2731 Timed Lotic 
  
66 Rock Creek Lower 8/5/2016 42.5665 -114.5030 Timed Lotic 
 
P. gambelii 
69 Dierkes Lake 8/5/2016 42.5947 -114.3915 Trapped Lentic F. virilis 
 
70 Shoshone Falls 8/5/2016 42.5963 -114.3981 Trapped Lotic 
  
71 Snake River Murtaugh 8/6/2016 42.4991 -114.1520 Timed Lotic 
F. virilis, P. 
gambelii  
68 Vineyard Lake 8/6/2016 42.5905 -114.3443 Trapped Lentic 
 
P. gambelii 
72 Snake River Burley 8/6/2016 42.5560 -113.7937 Trapped Lotic F. virilis P. gambelii 
74 Logan River 8/7/2016 41.7437 -111.7593 Timed Lotic 
  
75 Little Bear River 8/7/2016 41.5178 -111.7667 Timed Lotic 
  
73 Cutler Reservoir 8/7/2016 41.7863 -111.9560 Trapped Lentic 
  
94 Bear River Cache 8/7/2016 41.8013 -111.9096 Trapped Lotic 
  
78 Box Elder Creek 8/8/2016 41.4991 -111.9835 Timed Lotic 
 
P. gambelii 
79 Weber River 8/8/2016 41.1145 -111.7674 Timed Lotic 
 
P. gambelii 
80 Lost Creek Reservoir 8/8/2016 41.1867 -111.3826 Timed Lentic F. virilis P. gambelii 
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76 Hyrum Reservoir 8/8/2016 41.6214 -111.8539 Trapped Lentic 
 
P. gambelii 
77 Wellsville Reservoir 8/8/2016 41.6297 -111.9294 Trapped Lentic 
 
P. gambelii 
82 Weber River Coalville 8/10/2016 40.9117 -111.4062 Timed Lotic 
  
83 Kimball 8/10/2016 40.7284 -111.5366 Timed Lotic 
 
P. gambelii 
85 Beaver Creek Kamas 8/10/2016 40.6308 -111.1868 Timed Lotic 
  
103 Malad River Gorge 7/2/2017 42.8629 -114.9029 Timed Lotic P. connectens P. connectens 
101 Little Wood River 7/3/2017 43.0422 -114.1538 Timed Lotic F. virilis 
 
102 
Snake River at Sidewinder 
Rapids 
7/3/2017 42.8659 -114.9069 Trapped Lotic 
 
P. connectens 
104 Billingsley Creek 7/3/2017 42.8345 -114.8904 Trapped Lotic 
 
P. connectens 
106 Sand Spring Creek 7/3/2017 42.7273 -114.8352 Timed Lotic P. connectens P. connectens 
108 Niagara Spring 7/3/2017 42.6630 -114.6743 Timed Lotic P. connectens 
 
105 Box Canyon Springs 7/4/2017 42.7075 -114.8103 Timed Lotic P. connectens P. connectens 




Snake River Thousand 
Springs 
7/4/2017 42.7426 -114.8484 Trapped Lotic 
  
109 Salmon Falls Creek 7/5/2017 42.5422 -114.9498 Timed Lotic 
  
110 
Upper Salmon Falls 
Reservoir 
7/5/2017 42.2092 -114.7307 Timed Lentic F. virilis P. connectens 
111 Cedar Creek Reservoir 7/5/2017 42.2020 -114.8983 Timed Lentic F. virilis 
 
112 
Snake River near Glenns 
Ferry 
7/6/2017 42.9341 -115.3219 Timed Lotic 
  
113 Bruneau River 7/7/2017 42.6517 -115.7015 Timed Lotic 
  
115 Clover Creek 7/8/2017 42.4434 -115.3694 Timed Lotic 
  
116 East Fork Jarbidge River 7/8/2017 42.0311 -115.3676 Timed Lotic 
  
114 Bruneau Dunes Lake 7/8/2017 42.8954 -115.6964 Trapped Lentic 
  
125 
Bruneau River near 
Bruneau 
7/8/2017 42.8804 -115.8180 Trapped Lotic P. leniusculus P. connectens 
117 Meadow Creek 7/9/2017 41.9063 -115.6781 Timed Lotic 
  
119 
Owyhee River near Wild 
Horse 
7/9/2017 41.7261 -115.8954 Timed Lotic P. leniusculus 
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122 Sheep Creek 7/10/2017 42.2050 -115.7435 Timed Lotic 
  
118 Wild Horse Reservoir 7/10/2017 41.6670 -115.8017 Trapped Lentic 
  
124 West Shoofly Creek 7/11/2017 42.7484 -116.2304 Timed Lotic 
  
126 Rattlesnake Creek 7/12/2017 43.2113 -115.5611 Timed Lotic P. leniusculus 
 
127 Little Camas Reservoir 7/12/2017 43.3479 -115.3904 Timed Lotic 
  
128 Anderson Ranch Reservoir 7/12/2017 43.3992 -115.4136 Timed Lentic P. leniusculus 
 
185 South Fork Boise River 7/13/2017 43.6040 -115.0797 Trapped Lotic 
  





7/13/2017 43.3353 -114.4328 Timed Lentic 
  
131 Indian Creek Reservoir 7/14/2017 43.3863 -116.0139 Timed Lentic F. virilis 
 
132 Mores Creek 7/14/2017 43.6644 -115.9787 Timed Lotic P. leniusculus 
 
196 Camas Creek 7/14/2017 43.2877 -114.8020 Trapped Lotic 
  
188 Lucky Peak 7/15/2017 43.5253 -116.0641 Trapped Lotic 
  
134 Jordan Creek 7/16/2017 43.0153 -116.7307 Timed Lotic 
  
141 Boulder Creek 7/16/2017 42.8244 -116.7806 Timed Lotic 
 
P. connectens 
138 Three Forks 7/17/2017 42.5473 -117.1707 Timed Lotic 
  
142 Cow Lake 7/17/2017 43.0956 -117.3310 Timed Lentic 
  
135 Antelope Reservoir 7/17/2017 42.9084 -117.2366 Trapped Lentic 
  
136 Crooked Creek 7/17/2017 42.8048 -117.7350 Trapped Lotic P. connectens P. connectens 
189 Owyhee River near Rome 7/17/2017 42.8363 -117.6219 Trapped Lotic 
  
139 Current Creek 7/18/2017 42.5705 -116.7201 Timed Lotic 
  
180 Jump Creek 7/18/2017 43.4799 -116.9227 Timed Lotic P. leniusculus 
 
190 North Fork Owyhee River 7/18/2017 42.5918 -116.9813 Trapped Lotic 
  
201 Bully Creek 7/22/2017 44.0257 -117.4556 Timed Lotic P. leniusculus 
 
202 
Owyhee River at Snively 
Hot Springs 
7/23/2017 43.7308 -117.2037 Timed Lotic P. leniusculus 
 
203 North Fork Malheur River 7/24/2017 43.9727 -118.1941 Timed Lotic P. leniusculus 
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177 Boise River North 7/25/2017 43.6619 -116.2818 Trapped Lotic 
  
144 Succor Creek 7/25/2017 43.4539 -117.1195 Timed Lotic P. leniusculus 
 
145 Owyhee Lake/Reservoir 7/25/2017 43.6232 -117.2376 Timed Lentic P. leniusculus 
 
197 Cottonwood Creek 7/25/2017 43.7401 -117.6739 Timed Lotic P. connectens 
 
152 Warm Springs Reservoir 7/26/2017 43.6032 -118.2418 Timed Lentic P. leniusculus 
 
153 
Middle Fork Malheur 
River 
7/26/2017 43.7354 -118.3030 Timed Lotic P. leniusculus P. connectens 
204 Pine Creek 7/26/2017 43.7823 -118.5791 Timed Lotic P. leniusculus 
 
205 Silvies River 7/26/2017 43.5989 -119.0482 Timed Lotic P. leniusculus P. connectens 
206 South Fork Malheur River 7/26/2017 43.4080 -118.2831 Timed Lotic P. leniusculus P. connectens 
159 Sawtooth Creek 7/27/2017 43.8421 -119.3086 Timed Lotic 
  
154 Beulah Reservoir 7/27/2017 43.9114 -118.1526 Trapped Lentic 
  
155 
Malheur River East of 
Juntura 
7/27/2017 43.7823 -118.0225 Trapped Lotic P. leniusculus P. connectens 
191 Upper Silvies River 7/27/2017 44.1968 -119.1808 Timed Lotic P. leniusculus 
 
207 Silver Creek 7/27/2017 43.7015 -119.6373 Timed Lotic P. leniusculus 
 
208 Emmigrant Creek 7/27/2017 43.8680 -119.4155 Timed Lotic P. leniusculus 
 
165 Double O Springs 7/28/2017 43.2804 -119.3197 Timed Lotic P. connectens P. connectens 
192 Donner Und Blitzen River 7/28/2017 42.8007 -118.8680 Timed Lotic P. leniusculus P. connectens 
209 Donner Und Blitzen River 7/28/2017 42.6356 -118.7644 Timed Lotic P. leniusculus 
 
148 East Canal, Page Springs 7/29/2017 42.8093 -118.8687 Timed Lotic 
  
146 Krumbo Reservoir 7/29/2017 42.9514 -118.8060 Trapped Lentic 
  
163 Silver Creek 7/29/2017 43.2799 -119.2483 Trapped Lotic P. connectens P. connectens 
164 
Golden Canal at Barnyard 
Springs 
7/29/2017 43.2762 -119.3102 Trapped Lotic P. connectens P. connectens 
194 Malheur Reservoir 7/30/2017 44.3607 -117.6828 Timed Lentic 
  
193 Willow Creek 7/30/2017 44.2859 -117.5500 Timed Lotic P. leniusculus 
 
210 Summit Creek 7/30/2017 44.1275 -118.5786 Timed Lotic P. leniusculus 
 
211 Little Malheur River 7/30/2017 44.2329 -118.2487 Timed Lotic P. leniusculus 
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156 Malheur River near Harper 7/31/2017 43.8577 -117.6087 Trapped Lotic 
 
P. connectens 
168 Snake River near Nyssa 7/31/2017 43.8761 -116.9846 Trapped Lotic 
 
P. connectens 
169 Snake River near Ontario 7/31/2017 44.0491 -116.9740 Trapped Lotic 
  
173 Payette River 8/1/2017 43.8962 -116.6270 Trapped Lotic P. leniusculus 
 
174 
Payette River near 
Montour 
8/1/2017 43.9310 -116.3360 Trapped Lotic P. leniusculus 
 
133 Snake River Swan Falls 8/2/2017 43.2460 -116.3806 Trapped Lotic 
  
178 Lowell Lake 8/2/2017 43.5610 -116.6602 Trapped Lentic 
  
179 Snake River Marsing 8/2/2017 43.5480 -116.8012 Trapped Lotic 
 
P. connectens 
167 Boise River near Caldwell 8/2/2017 43.6886 -116.6861 Trapped Lotic P. leniusculus 
 
195 Big Jacks Creek 8/3/2017 42.5940 -115.9927 Timed Lotic P. connectens P. connectens 
 
